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ABSTRACT 

This report  presents the s t r e s s  and load analysis of a l l  t h e  piping 

t h a t  form a par t  of the Mercury Loop Assembly - SL-1. 

performed i n  order t o  design an e f f i c i en t ,  safe  piping system t h a t  would 

be compatible with the  dimensional l imi ta t ions  of t he  SL-1 assembly. 

The analysis w a s  

The t h e m 1  expansion ef fec ts  were treated separately from t h e  "dead 
load" (pressure and gravi ty  load)  effects .  

were not combined, and margins of sa fe ty  were calculated separately, 

approach conforms t o  tihe requirements of ASA B3l.l Code f o r  Pressure 

Piping. 

Stresses  from these two e f f ec t s  

This 

Allowable s t resses  a re  as l i s t e d  i n  the  above mentioned code. 

"Dead load" stress analyses were not performed i n  cases where e f f ec t s  

were negligible,  or could be made so by adequately supporting t h e  piping 

system. I n  a l l  cases, the f i n a l  design resul ted i n  a piping system with 

posi t ive margins of safe ty  f o r  both "dead load" and thermal expansion 

s t resses .  

APPRO V E R  
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TM 340 : 64-1-185 

I ,  INTRODUCTION 

A piping system i s  a space s t ruc ture  i n t o  which s t r e s ses  and s t r a i n s  a re  
introduced by i n i t i a l  fabr ica t ion  and assembly, t h e  e f f e c t s  of gravi ty  and pressure, 

and exposure t o  temperature var ia t ions.  Under spec ia l  circumstances, t he re  m a y  a lso  

be e f f ec t s  due t o  dynamic loadings r e su l t i ng  from pressure surges or external  force  

exci ta t ion.  

sis, s ince a l l  piping w i l l  be f i t t e d ,  cut ,  and welded t o  the  flanges a t  f i n a l  assembly 

minimizing t h e  e f f e c t s  of unintended ltcold-spring." 

neglected as the re  a re  no s igni f icant  ex terna l  o r  i n t e r n a l  vibrat ion o r  shock loadings 

expected i n  t h e  SL-1 ground t e s t  system. 

Fabrication and erect ion e f f e c t s  have not been considered i n  t h i s  analy- 

Dynamic e f f e c t s  have a l s o  been 

Gravity s t r e s ses  were determined with the  aid of a programmed computer solut ion 

avai lable  through t h e  Aerojet-General Computer Science Division. 

piping, insu la t ion  and working f l u i d  (except i f  a gas) were taken i n t o  account i n  t h e  

analysis. The weight w a s  t r ea t ed  as a number of %mpedtt  concentrated e f f e c t s  r a the r  

than as a d i s t r ibu ted  load i n  order t o  accommodate t h e  l imi ta t ions  of t h e  computer 

program. 

The weight of t h e  

Pressure s t r e s ses  were calculated using t h e  simplified formula f o r  hoop s t r e s s  

i n  a t h i n  walled cylinder.  

pressure stress w a s  a l so  determined i n  order t o  ca lcu la te  t he  maximum pr inc ipa l  s t r e s s  

due t o  t h e  "dead load" e f f ec t s .  

Where t h e  gravi ty  load was s igni f icant ,  t h e  longi tudinal  

Thermal expansion s t r e s ses  were computed using a programmed piping solut ion.  

The solut ion takes  i n t o  account t h e  e f f e c t s  of intermediate and terminal restraint 
movements, as w e l l  as t h e  thermal expansion or" t h e  piping i t s e l f .  

t o r s iona l  def lec t ions  are considered, but second order e f f e c t s  such as axial and shear 

def lect ions are neglected. The e f f e c t s  of increased f l e x i b i l i t y  and stress i n t e n s i f i -  

cation at  t h e  piping bends a l s o  form pa r t  of %he programmed solut ion.  

of simplicity,  t h e  piping geometry w a s  assumpd t o  be orthogonal with no incl ined 

elements . 

Bending and 

For t h e  sake 

11. CONCLUSIONS AND RECOMMEND AT1 ONS 

A.  The method used i n  t h i s  a n a v s i s  i s  conservative s ince it i s  based on t h e  

The procedure and da ta  presented i n  t h e  Code a r e  based 
.."- 

ASA Code f o r  Pressure Piping. 

on 100,000 hours of operation and a minimum of 7,000 cycles,  which i s  considerably 
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beyond t h e  expected use. The SL-1 Mercury Loop piping assemblies a l l  have pos i t ive  

margins of safety,  and while conservative, a r e  adequate f o r  t he  ground t e s t  system. 

B. More quant i ta t ive  da t a  a re  required on t h e  expected corrosion r a t e s  in 
t he  piping, pa r t i cu la r ly  on the  turbine mercury inlet  l i ne .  This da t a  w i l l  enable 

the  piping t o  be designed with reduced w a l l  thickness,  resu l t ing  i n  decreased weight 

and lower loads on t h e  component piping connections. 

C. It would be advantageous t o  review the  t o t a l  expected load-cycle h is tory  

of t he  piping systems (thermal, pressure,  acceleration, and dynamic) i n  order t o  

determine a more d i r e c t l y  applicable set of allowable s t r e s s  c r i t e r i a .  

D.  Experience ind ica tes  t h a t  t h e  end loads, i . e . ,  t he  loads t h a t  a r e  exerted 

on the  connecting equipment, a re  usual ly  c r i t i c a l  r a the r  than the  pipe s t r e s s .  

order t o  reduce t h e  complexity and weight of t he  piping, therefore ,  t he  component 

piping connections should be reinforced as required, so t h a t  they can absorb t h e  ldacis 

resu l t ing  from t h e  piping being s t ressed t o  i t s  maximum allowable stress. 

In 

C 

CA 

D i  

Do 

E 

Fx 

FY 
Fz 
h 

I 
i 

MB 
MT 
M 

X 

My 
Mz 
P 

rm 

outside radius  of pipe (inches) 

corrosion allowance (inches) 

ins ide  diameter of pipe (inches) 
outside diameter of pipe (inches) 

modulus of e l a s t i c i t y  ( p s i )  

force  i n  t h e  x d i rec t ion  (pounds) 

force  i n  t h e  y d i rec t ion  (pounds) 

force  i n  t h e  z di rec t ion  (pounds) 

f l e x i b i l i t y  cha rac t e r i s t i c  
4 area  moment of i n e r t i a  ( i n  ) 

s t r e s s  i n t ens i f i ca t ion  f ac to r  

bending moment (in-lbs, or  f t - lbs )  

t o r s iona l  moment (in-lbs, o r  f t - l b s )  

moment about t he  x a x i s  ( f t - lbs )  

moment about t h e  y a x i s  ( f t - lbs )  

moment about t h e  z axis ( f t - lbs )  

pressure (ps i )  

mean radius  of pipe (inches) 
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W i  
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WP 

HG TE: 
Z 

o( 

S-X 

SY 
S Z  

Jo 
VI3 
T L  

T P  z 
*x 
e Y 

Z 
8 

radius  of piping bend (inches) 

maximum resu l tan t  pr inc ipa l  s t r e s s  ( p s i )  

allowable s t r e s s  range f o r  thermal expansion ( p s i )  

allowable s t r e s s  a t  room temperature (ps i )  

equivalent stress t o  be compared t o  t h e  allowable thermal 
expansion s t r e s s  range (ps i )  

allowable s t r e s s  a t  operating temperature (ps i )  

minimum corroded pipe w a l l  thickness (inches) 

nominal pipe w a l l  thickness (inches) 

weight of insulat ion ( lb s / f t )  

weight of pipe ( lb s / f t )  

weight of mercury i n  pipe ( lb s / f t )  

sect ion modulus ( in  ) 

l i n e a r  coef f ic ien t  of expansion (in/in-OF) 

movement i n  the  x di rec t ion  (inches) 
movement i n  t h e  y d i rec t ion  (inches) 

movement i n  t h e  z di rec t ion  (inches) 

3 

spec i f ic  weight (lbs/in 3 ) 

bending s t r e s s  ( p s i )  

maximum longi tudinal  s t r e s s  due t o  pressure and weight ( p s i )  

circumferential  pressure stress ( p s i )  

t o r s iona l  shear s t r e s s  (ps i )  

ro ta t ion  about t h e  x a x i s  (radians) 

ro ta t ion  about t h e  y axis  (radians) 

ro ta t ion  about t h e  z axis (radians) 

Computer Notations 

DELTA X 

DELTA Y 

DELTA Z 

EE 

EH modulus of e l a s t i c i t y  ( p s i )  

def lec t ion  in t h e  X di rec t ion  (inches) 

def lec t ion  in t h e  Y d i rec t ion  (inches) 

def lec t ion  i n  t h e  Z d i rec t ion  (inches) 

l i n e a r  coef f ic ien t  of thermal expansion (in/in-OF. ) 

(DX) 

(E) 

(DZ) 
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PHI X 
PHI Y 
PHI Z 
O.D. 
POIS 

SIF 
TH 
WT 

ro t a t ion  about t h e  X axis (degrees) 

r o t a t i o n  about t h e  Y axis (degrees) 

r o t a t i o n  about t h e  Z axis (degrees) 

out s i d e  diameter 

Poissons r a t i o  

s t r e s s  i n t e n s i f i c a t i o n  f a c t o r  

pipe w a l l  th ickness  (inches) 

weight of pipe, insu la t ion ,  and f l u i d  ( l b s / f t )  

I V  . DISCUSSION AND RESULTS 

The types of loadings which pipings systems may experience may be broken 

up i n t o  two d i s t i n c t  categories .  

A .  ‘hose repressnt inp th2  appl ica t ion  of ex terna l  forces ,  which i f  excessive, 

I.iould cause f a i l u r e  independent of s t r a i n .  

B .  Those representing t h e  appl ica t ion  of a f i n i t e  ex terna l  or i n t e r n a l  strain 
generally introduced through thermal expansion. 

Individual  loadings may be: 

1. Present during only normal operation 

2. Exis tent  throughout se rv ice  l i f e  

3. 

4. Abnormal conditions (emergency) 

Short dura t ion  ( s t a r t u p  and shutdown conditions) 

When determining allowable stress values, it i s  l o g i c a l  t o  d is t inguish  betwoen 
primary,jsecondary, and loca l ized  stresses. 

Primary stresses a r e  a r e s u l t  of axial, shear or bending loads necessary t o  

satisfy t h e  l a w s  of s t a t i c  equilibrium. Pressure, g rav i ty  loading, and thermal load- 

ing a r e  some examples of forces  causing primary s t r e s s e s .  

these primarg s t r e s s e s  i s  a measure of t h e  a b i l i t y  of t h e  piping system t o  withstand 

the loadings safe ly .  

I n  general ,  t h e  l e v e l  of 

Secondary s t r e s s e s  i n  a pipe may r e s u l t  from d i f f e r e n t i a l  r a d i a l  de f l ec t ion  i n  

This may r e s u l t  from a r a d i a l  temperature gradient  i n  t h e  pipe. 9 pipe wall. 
s t resses ido  not  cause d i r e c t  f a i l u r e  i n  a d u c t i l e  ma te r i a l  upon a s ing le  load applj-ca- 

t ion ,  

These 

If above t h e  y i e l d  point ,  y i e ld ing  occurs with accompanying r ed i s t r ibu t ion  and 

- 4 -  
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reduction of the thermal s t resses .  If the loading i s  cyclic,  however, a l o c a l  s t r a i n  

range i s  established equivalent t o  the  f u l l  o r ig ina l  magnitude, thus const i tut ing a 

poten t ia l  source of fa t igue  f a i l u r e .  

Localized s t r e s ses  i n  a pipe o r  vessel  decrease rapidly and disappear within 

a short  distance f r o m t h e  origin.  

nection i s  an example of t h i s  type s t r e s s .  

localized s t r e s s  a t  a branched piping connection by defining a stress in t ens i f i ca t ion  
fac tor .  

t h e  nominal bending s t r e s s  a t  a piping junction t o  obtain the  working s t r e s s .  

The s t r e s ses  induced in a vessel at  a piping con- 

The Piping Code t r e a t s  t he  case of 

This f a c t o r  is based upon the  geometry a t  t h e  jo in t  and i s  used t o  multiply 

The s t r e s s  analysis  of piping i s  based upon two separate design c r i t e r i a .  

One i s  the  "code allowable s t r e s s "  (SH), values of which a r e  l i s t e d  i n  the  "Code f o r  
Pressure PipingYrr  and the  second i s  the  "allowable s t r e s s  range," which i s  derived 

from the  "code allowable s t r e s s . "  

s t r e s s  i s  the  l e s s e r  of one-third of t he  minimum t e n s i l e  strength o r  60 per cent of 

t he  minimum 0.2 per cent y i e ld  strength.  

s ignif icant ,  the  allowable s t r e s s  i s  equal t o  100 per cent of the  s t r e s s  t o  produce 

,01 per cent creep i n  1,000 hours or  100 per cent of s t r e s s  t o  produce rupture a t  
the  end of 100,000 hours, whichever i s  l e s s .  

In  the  lower temperature ranges t h i s  allowable 

At higher temperatures, where creep becomes 

The Piping Code defines an "allowable s t r e s s  range" equal t o  (1.25 Sc f 

0.25 SH) . 
ing a minimum of 7,000 thermal cycles of operation without f a i lu re .  

t o  duc t i le  materials,  and i s  a measure of the permissible strain range i n  a cycle of 

operation. The s t r a i n  induced in a pipe i s  a function of t he  t o t a l  e f f ec t s  of pres- 

sure, gravi ty  load, fabr icat ion loads and thermal expansion. As t h e  pipe approaches 

operation temperature the  y ie ld  s t r e s s  drops and p l a s t i c  flow occurs with accompany- 

ing reduction i n  s t resses .  

strain between the hot and cold condition occurs during the i n i t i a l  cycle and depends 

on the  magnitude of the  t o t a l  s t r e s s .  

strain adjustment continues u n t i l  t he  combued s t r e s s  a t  operating temperature 

reduces t o  t h e  relaxation limit. 

change and t h i s  forms the  bas i s  f o r  t h e  "allowable s t r e s s  range," as defined i n  the  

Piping Code. I f  s t r e s ses  a re  kept below the  "allowable s t r e s s  range," t h e  adjustment 

of s t r e s s  i s  such t h a t  p l a s t i c  flow due t o  expansion e f f ec t s  does not occur with each 

cycle, except possibly 

however, and should have no ef fec t  on t h e  fa t igue  l i f e .  

This "allowable s t r e s s  range" has been chosen with the  objective of provid- 

It i s  applicable 

For moderate temperature piping, t he  adjustment of thermal 

For higher temperatures, where creep occurs, 

The strain range per cycle, however, does not 

in the  i n i t i a l  operating period. Th i s  occurs only once, 

- 5 -  
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In  ceneral, the  thermal expansion in a space system w i l l  r esu l t  i n  th ree  
forces and three moment components a t  each end point.  For p a r t i a l  f i x i t y ,  t he  
number of force and moment components i s  reduced and i s  g q u a l t o  the number of 

degrees of r e s t r a i n t .  
Theorem of Castigliano o r  similar strain energy theorems. 
a t  any section may then be calculated using t he  laws of s t a t i c s .  
scclion can then be computed u t i l i z i n g  the section modulus of t h e  pipe. 

These end reactions a r e  generally calculated using the  
The moments and forces  

Stresses a t  any 

The Piping Code contains the  follow-ing equationfor the combination of s t resses  
due t o  thermal expansion: 

This combined stress ( E) i s  based on the Maximwn Shear Theory, and should be kept 
below t h e  Code "alluwable s t r e s s  range." A s  a separate c r i t e r i a ,  the Code estab- 
l i s h e s  t h a t  t he  maximum principal  stress due t o  pressure weight and other sustained 
loadings must be maintained less than the  "Code allowable s t r e s s "  a t  operating temper: 
kurc (SII). The maximum pr incipal  s t r e s s  a t  the  outside f i b e r  may be writ ten as: 

= o.slG +Gp +. ~ u ? I - ( G - L - ~ ~ Y - ~  
The Piping Code requires t h a t  t h e  stress a t  branded connections be adjusted 

t o  include the  e f fec ts  of s t r e s s  in tens i f ica t ion .  
condenser mercury out lot  l i nes  contain fabricated t e e  branches, and the nominal 
s t r e s s  at these locations were increased t o  obtain working s t resses  as per Code 
requirements. 
and the  e f f ec t s  of s t r e s s  in tens i f ica t ion  a t  these locations were neglected. 

The boi le r  mercury i n l e t  a n d  t h e  

Instrumentation connections w i l l  be reinforced with saddles, however, 

All piping welds contained in the  SL-1 Mercury Loop Assembly are 100% radio- 
A s  per ASME Pressure Vessel Code data, a weld efficiency of graphically inspected. 

100% w a s  assumed f o r  t h i s  type of design. 
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1. Drawing No. 092800, "Mercury Loop Assembly -1A" 
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I O  INTRQDUCTIQN 

The PCS-1 assembly was designed so that  components could be removed, and 
Toward this objective, piping cannectfons a t  dB. replaced qd&ly and easily. 

merjor wnnpanents incorporate "loose-type" bolted flanges with welding "lips ," 
optfm tQ s e d  weld the flanges exiables the piping a s s d l f e s  t o  be welded up fop 
Q long endurance t e s t ,  as well as providing a backup in  case of flange leakage, 

!be 

The gaskets and the sealing flanges are of proprietary design (Aercquip), 
and, therefore, no d y s i s  of these elements a re  presented fn this pepor%, The 
bolt loads requbed t o  seat the gasket, and t o  -tab the s e d  under operating 
pressure, have been supplied by the vendor. 
collars are 'based on these d u e s .  

The subsequent design of the bolts and 

Materials for bolts and collars were chosen with the obgective of maintaining 
l o w  creep rates and compatible coeffiefants of the& expansion. 
increased s e d  rel iabi l i ty  mer axtended eteady-state periods of operation, as 

w e l l  as under transient conditions, 

This resul-bs in 

11, CQNCLUSPBNS IWD I t . E C m D A T I O N S  

A. The method used fa t h i s  analysis is conservative, sf iee  it is based ~n 
the A S @  U~i~ed-Pressure-Vessel Code, which forms design cr i te r ia  fo r  systems with 
expected opera%fonal I f f e  emsidembly beyond l6,OOO hoaps. 
making up the connections are considerably stronger than fidfcated fn the &r&-ef- 
Safety Swnmapg f o r  reasons as indicated belaw: 

In adat ion,  the elements 

1. The co%Perrs have a thickened section adjacent t o  the flange which 
was not taken into aeeomt fn the analysis. 

2, The bolt lnerrgfis of safety are based OR catnbhed stresses, which 
include the effects of torsional shear stress, 
indicates that the tensi le  load fa a torqued up bolt just  before 
failure is the same as that fa a bolt  under simple temfcm before 
f d l u r e  

Test data, hoWemr, 

Bo hd~rsfs indicates that the elast ie  deflections of the col&ara fi flanged 
This type of derrign has the .jefits are  emsidembby greater than that  of the bolts, 

f 0 U d g  advsxtages : 
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1. The flanged connection is relatively insensitive t o  relamtion due 
t o  creep in the bolt, Any strab in the bolt is d l  compared t o  the 
t o t a l  deflection of the e o l h r ,  and, consequently, the response of the 
system t o  creep fi the boZts is such as t o  cause negligible change in 
the bolt load. 

2. The differential  expansions 9a the  system due t o  radial temperature 

f a d .  This is par t i eu la~ ly  important during the startup cycle when 
the bolts are  at  laver temperature than the collars, 

radients and different matedals cause neglfgible changes in the bolt 

Additional margin against le&&ge i s  pmvfded by the elast ic i ty  in the conically- 
shaped "Cmoseal" gasket 

A 

AP 
B 

b 
c 
C,F, 
D 

Dm 

%A 
5 0  

Hb 
hP 

B 

G 
H 

Outside diameter of collar (fiches) 
Bolt cross-sectional. area (qua re  inches ) 
Inside diameter of flange (fiches) 
Outside diameter of hub portion of collar (inches) 
Bolt circle diameter (hehes) 
Moment correetfon factor fo r  bolt spacing 
Bolt diameter (inches) 
&lt &or d f a e t e r  (inches) 
HociUlns of elasticity (psi) 
Allowable collar st ress  a t  ambient tamperature (psi)  
AUowabPe ~Q-P st ress  at operating temperature (psi) 
Diameter at l o c a t f a  of gaeket-load reaction (inches) 
Total hydrostatic end force (pounds) 
Hydrostatic end force on area inside of flange (pounds) 
I& dfjtancu fmm bolt: efpe2e to -de tube surface (inch&) 

H Mlffsrence between fleage-4esfe;n bolt load and hydroetatic end 
force (pounds) 
Rerdfeib distance frcss! the gasket load t o  the bolt eirele (behes) 
Differace b&weem t o l d  hydrostatic epid forceand end force-en area 

Rad.hl dfstanee from bolt c b d e  t o  cfrele an wUeh % cSCt8 (inches) 
Ratio of outside t o  inside.dfameter of collar 
A;rceal collar-sprSng con8tant (pounds per fneh) 
Axhl bolt sppfng constant (pounds per inch) 

hg 

%gsfd0 Qf"-fhR&e- (-&SI 

% 
K 

kc 
ks 

2 



L 
M 
IN 4 
Mc 
MO 

yr 
P 
P 
S 
T 
t 

Tt 
A3 

mos 
W 
1w 

wm 
Y 

Y 
YFOS 

Q 

B 
M 
8 

6 

Q 

ho 
1 

Half the effective elastic length of bolt (inches) 
lhchum collar pLomaat eorrected for bolt 8 p a C f r g  (inch-pounds) 
M a a t  lander boltfng-Up e m i t i o n s  (frcb-po-ds) 
Component of moment due t o  hydrostatic end force (fich-pounds) 

T&al moment acting upon the flange (fnC?h-pOmridS) 
Cosnpment of B1opLBnfr due t o  5 (inch-pounds) 
Bolt tansfie load (pounds) 

~ a 8 i b i . m ~  st ress  (psi) 
Bolt torque (hch-pounds) 
CoUar thfekness (inches) 
Toque trmsarftted (inch-pounds) 
Operating temperature minus ambient t ape ra t a re  (OF) 
Ultimate Factor of Safety 

Plange-desfgn bolt load (pounds) 
Change Ln the t o t a l  bolt load (pounds) 
Msn- ~eqxLrad bolt load t o  Irafitcsh sed. (pounds) 
Tangential. bending coef f f e f m t  
hda.3. deflection (inches) 
Yield E'eretor of sPf&r 
Deflection eoeff9cfent for  a cfscal.r plate 
Linear eoefficfant of t h e d  m a i o n  (b/h - 'F) 
Differential thenreal e;lspamsion (hches) 
Poissons ra t io  
rPhemwd e w s i o n  (hehecr) 
N o d  stress (psi) 
m g e  Pn n o d  stress (psi) 
T~~eionaP shear st ress  (psi) 

Cmpmat  of due tQ Hg ( k c h - ~ ~ d a )  

operating presrrure (psi) 

PV. DISCUSSEON 883D RES- 

A flanged joint aasaabQ may be EdeaUead as tW elastically c ~ ~ p l e d  bedies; 
the bolt* as.-. b w ,  puzd %he. fhtagaa, rmU.a~s, a d  gedset. as tha &her. 
e$ the e q l e t e  joint mqr then be reprsbented as two springs wftb d i f f e r a t  lengths 
and stfffnesses, When the j o b t  is tfghtemed, the bolt "Sprhg" is  put into tension 

A model. 
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and the flange-collar-gasket %ppfngtl into ccsapression, thus eliminating the faitfal 
length dffferenee, 
joint, 
strain, resal t f ig  frua internal pressure, does not offset the compressive strain due 
t o  i n i t i a l  bolt tightening, 
analysfs. 
and found t o  be negligible, 

This action presses the flanges against the gasket, sealing the 
A flanged joint under pressure nil1 not leak as long as the gasket tensile 

"he above sfiaplif'fed model forms the basis for this 
In addition, the effects of temperature and creep were cheeked separately, 

!be Unfird Pressure Vessel Code provides two cr i te r ia  which mast be satisfied 
Sn order t o  mpl.fit& a gasketed J o h t  f ree  from leakage, The bolt load should be 
sufficient t o  seat the gasket, and also t o  withstand the internal pressure, while 
s t U  supplyfng sufficient g a d s t  sealiag pressure t o  prevent leakage. Sfice the 
" ~ ~ O S e d l "  flanged assembly Et3 a proprietary design, bolt tightening loads suffief- 
ant t o  satisfy the above crdterfa were obtained from the vendoro 

FQP most sep.trfces the effects of direct  pressure stresses aad the disconti- 
nlp$ty effects due t o  these may be neglected, An adequate representation is obtained 
by a s s e g  the  colla^ subjected t o  a d f o -  distribnted mcment due t o  the effects 
of the end presaure load, gasket load, and bolt load. 
be unaffected by pressure changes wSth a l l  strafns e last ie  fn nature and unaffected 
by creep or fieldbig. 
pressure Vessel Code, was utilfsed fn the  design of the flagged assemblies. 

The bolt load is assnmed t o  

The above approach, which forms part of the AsMe Unfired 

As the flanged connectfans heat up and approach operating t q s r a t u r e ,  several 
The modnilf of e b s t i c f t y  dmp, effects take place tendbg t o  change the bolt loads, 

radial t h e d  gradimts appear (paTtS&r~ h startup), and where mQre than one 
ma%efial f a  used fn the-flange a8aeaobly, differential  theanal, expamion effects take 
place, 

teanpemtures and eyelical operation eteeto 
sufficient pretightaaing of the assembly t o  caupesliaate for  bolt-load reduction due 
t o  these effects. 
strains .in the bolts and flanges combfied with high arsrtepfal creep resistance. 

In addition, loealfeed y ie ldbg  and creep occur, particularlx where Ugh 

The "Conoseal" flange design incorporates 

IIn g e n e d ,  good flange design wi l l  incorporate high elast ic  

Where eycUcal loadhgs a m  prerent, care should be taken t o  e lhaba te  o r  
reduce dl possible stress rdsera, 
were fncoPpoPsrted where possible, psPtfcularly fn the highly stressed areas. 

Taw& tu8 obJeetive generous corner radii 
Stud 

4 
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bolts with unthreaded portions machined t o  the root diameter were used i n  prefer- 
ence t o  headed bolts. 

Flanged connections stibgected t o  thermal expansion effects moly be treated OFI 

a "stress r a g e "  basis similar t o  piping themal stresses. 
stresses at  the flanges in PCS-lwere lar, no f o d  thermal s t ress  analysis was 
performed on the flanges. 
flanged Joints t o  a Illfihmn, and where possible, locating them fg the a ~ e a  of l aw  

Since the  thermal pipfig 

Good design, however, indicated the desirabil i ty of keeping 

BC8QmtS 0 

The bolt preload was W e  greater than any remltant  bolt load8 due t o  pres- 
The6 assures that  there w U . l  be no separation 8f the part8 or densfon of m e .  

the bolts; e.&, no herease fn the bolt tension. 
%n hereasfng the resistance t o  bolt  fatigue and in  protrldfig a locking effeet. 

The preloadhg is also beneficial. 

h e  t o  the elqstic action of the nut, the threads near the  base of the, nut 
take mre load than the top threadrs, 
the  bolt, plbowsng the hsgw loaded nut threads t o  ralfeve plastfcd.ly, thus 
shifting some of the l a d  t o  the l e s s  loaded top threads, 

The nuts a re  made of a s o f t a ~  material than 

The torqtle reqafped t o  give the necessarg. preload was calculated using the 
foll&g fad: 

Torque (iu-lb) = 0.2 x bolt diameter (in,) x bolt tension (lb) 

Tests on large numbers of bolts  acmfim the vaUdity of the above torqwe coefficient. 
It has been found that the mean deviation among samples tested is under 10%. 
f0mmI.a is  based upon the fac t  that 90% or mawe of the appUed torque is consumed fn 
friction on the  bearfag face of the bolt head or nut and on the bearing face of the 
Blatfng threads, a d  prodtsces PQ tension whatever. The d u e  of the torque coeffici- 
ent can be verified mathematieally by assfllafng a coeffieieat of f r ic t ion of 0.15 and 
a nut width of 14 d$ameters. 

The 

When a nut is tightened on a bolt, a t o r s i d  shear st~ess as well as a 
taa8fle stress fs induced fr the bolt, It reserlts fna the fdc t f an  betwema the 
threads as the nut is turned, and ~onsuaes about 45% of the applied tompe,  The 
c d b e d  t e n s u e  and shew stre8ses re8td.t fn Q normal stre88 which is higher than 
the boJ& tensi le  stress. The ultimate strength of the bolt, hwemr, i s  not 

affeeted by the adUed shear stress. 

t o  a poiat gad belwjfdlwe,  the dfrect tensi le  load mnld be @ t o  that  e s a b  
t o  fafl the bolt by app-g direct a d d .  tad-. 

Test data hdfca te r  that i f  a bolt  were tfghtenad 
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Page 7 

DESIOM COHDITIONS 

Flange 

Materials 

Bolt 

heanel X 

Inconel X 

heomel X 

Ineonel X 

Lnconal x 

Ineonel X 

IAcanel x 
boonel  X 

Inconel x 

Gasket Hut 

A-286 

4-S6 

A-286 

A-286 

A-286 

A-286 

a-286 

A-286 

8-286 

1. * FQF Joints 29 6 dr 7 - Desfgn pressare m a  taken a8 7.5 psig for  purposes 
of aampAtation, sface actual pre8sures are negUgible, 

2, A B y  fnspeetfan, ePftfeal pressure-temp, cmatforJ exists at condenser H d  
h 1 e t  

30 jd By inspectfan critical pressure-temp. cwdition d s t s  at boiler Hall  inlet. 
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1 

7 

8 

9 

0.9a 

1.186 

2 123 

2 0 373 

2,373 

4 343 

4.843 

2 373 

1,186 

0.619 

0.619 

1 0 054 

1,008 

1.008 

10 373 

1 373 

1.008 

0 , 619 

Q -554 

0,555 

0 913 

0,891 

0,891 

1.162 

1,193 

0 ., 891 

0 555 
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Page 10 

'P(3RQUE LIMITATIONS VENDOR DATA 

JOINT 
NO 

MPC59802-7 

MpC5 9802-9 

MFC5 9801-1 

HFC59801-3 

WC59802-1 

MFC59802-3 

MFC59802-5 

MFC59802-1 

MFC59802-13 

mc5 9803-3 
1' -5 

-7 
1' -9 

* -1 

11 -11 

-13 n 

-9 

-5 

f l  

I1 

10. OF 
BOLTS 

6 
w 

n 

n 

n 

ti 

n 

11 

I1 

romm 
w'q 
YAINTAIN 

6 

6 

27 

29 

29 

5 1  

57 

29 

6 

NOTES: 

1.' Torque d u e 8  do not fielude nut "free-spinning'' torque. 

TOFQtJE 
REQ'D TO 
SEAT GASKET 

9 

10 

35 

39 

39 

68 

75 

39 
10 

2. Above yalues do not include any allowance for creep or thermal relaxation 
of bolt loadfrgs . 
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BOLT LOADS - BASED ON 

VENDOR'S RECOMMEWDED TORQUES 

*Torque (in-lbs) = 0.2 x Bolt Dim. (in) x Bolt Tension (1bS) 

T = 0.2 x D x P 

T 
P =  

0,2 x D 
6T E - - - = ~ P  30T 

For 6 Bolts 6 P t 0 0 2 2 t D  D 

MIIKDlUH FORCE MINIMIJM FORCE MAmm 
REQUIRED TO REQUIRED TO ALLOWULE 

JOINT MAINTAIN SEAL SEXT GASKET TOTAL BOLT LOAD 
NO o (US) (DS) 

7 20 

720 

2160 

2320 

23 20 

4080 

4560 

2320 

480 

1080 

1200 

2800 

3120 

3120 

543c 
6000 

3120 

800 

4800 

3000 

14.400 

6800 

loo00 

17200 

11600 

loo00 

2000 

* Referenoe - ASME Handbook - Metals Engineering Design, 
0, J. Horger 
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RECOMMENDED TORQUE VALUES 

P T 
TIGHTENING FORCE D TORQUE/BOLT 

J O I N T  PER BOLT (LBS) DIA, ( I N )  (IN-LBS) 

325 

375 

1800 

850 

1250 

1450 

1450 

1250 

250 

17 

19 

135 

64 

9h 

lo9 

109 

94 

19 

1. T ,2DP 

2, Values of do not include "free-spinningtt torque, 

3, Tightening force per bolt were based on 75% of maximusl 
allowable load per bolt (reference Page 17), except iq 
Joints 1 and 2, where reduced qlues were used to nee$ 
the higher factor of safety requirements. 
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Report No. 2954 
Volume I 

TM 340:64-1-187 and 

TM 340 :64-1-187 (Supplement A) 

COMPOEENT PIPING CONNECTION LOADS - MLA, SL-1 

COMPONENT PIPING CONNECTION LOADS - PCS-1, RS-2 (SUPPLEMENT) 

I1 Table I, t i t l e d  "Summary - PCS-2 Component Piping Loads (Revised), 

of Supplement A (dated 17 December 1964, i s  applicable t o  the  LeRC turbine 

a l t e rna to r  assembly. The or ig ina l  technica l  memo, dated 5 February 1964, 
i s  included for information only. 
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TECHNl CAL MEMORANDUM 

AUTHO R(Sh A. Levitsky 

TITLE: COMPONENT PIPING CONNECTION LOADS-MLA, SL-1 

ABSTRACT 

This TM designates the piping connection clesign load data for the MLA 

components. 

groups and was found to be acceptable, 
This data has been checked by the cognizant component design 
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DEPARTMENT HEAD 
7 

P. 1. Wood 
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I. INTRODUC!CION 

The thermal expansion forces  and moments t h a t  piping may exert on 
high-speed ro t a t ing  machinery need t o  be carefu l ly  controlled i n  order 
t o  avoid malfunction resu l t ing  from misalignment, rubbing, binding, o r  
excessive wear, 
equipment, intermediate r e s t r a i n t s ,  coldspring, expansion jo in t s ,  o r  
f l e x i b l e  piping. 
as was the case f o r  the Mercury PMA l i n e s  and the turbine i n l e t  l i ne ,  it 
is  eas i e s t  t o  design the f l e x i b i l i t y  i n t o  the pipe i tself  through proper 
piping layout,  
l a rge r  s i z e  (j063 i n ,  diameter) required an expansion j o i n t  f o r  maintaining 
loads a t  an acceptable l eve l ,  

"his may be accomplished by proper posit ioning of 

Where the geometry allows and the pipe diamster is small, 

The turbine ou t l e t ,  however, being a shor t  run and of 

A somewhat s imilar  problem ex i s t s  a t  a vesse l  piping connection, 
pa r t i cu la r ly  when the  radius t o  w a l l  thickness r a t i o  is high. 
bending and membrane stresses may be introduced, which, i f  not  controlled,  
may lead t o  excessive d i s to r t ion  or  even f a i l u r e ,  
problem lies i n  a combination of control l ing the f l e x i b i l i t y  of  the piping 
v i a  piping bends o r  expansion jo in t s ,  and reinforcing the  vessel  l o c a l l y  a t  
the piping eonnection, a s  requfred, 

High loca l iasd  

The solut ion of 'this 

11, CONCLUSIONS AND ILECOMMENDATIONS 

The SL-1 Mercury Loop Assembly piping design and the resu l t ing  
loads a t  t h e  component piping connections are acceptable f o r  the ground 
test systemo The prototype system, however, w i l l  have t o  withstand high 
s t a t i c  accelerat ion as w e l l  as shock and vibra t ion  loads, 
the  requirements f o r  thermal expansfon design, fee , ,  increased pipe l i n e  
f l e x i b i l i t y ,  may be the reverse  of that required f o r  adequate vibrat ion 
design, 
be u t i l i z e d  only  where absolutely necessary, 
length and w a l l  thickness w i l l  have t o  be kept t o  a minimum because of 
limited space and weight requfrements. 
problem will involve:: 

In some cases9 

Ekpansion jo in t s ,  w i th  t h e i r  inherent  pe l iab i&i ty  problems, w i l l  
I n  addition, the piping 

The adequate so lu t ion  of t h i s  

a, Reinforcing component connections where possible, 810 
t h a t  the l imi t ing  i t e m  i s  the stress i n  t h e  l i n e  rather 
than the loca l  stress a t  t he  component piping eonnection, 

b, Careful design, which should u t i l i z e  where necessary, 
adequate p a r t i a l  r e s t r a i n t s  and e f f i c i e n t  component 
placement , 

e, Adequate stress and dynamic analysis. 

-1- 



111. smLs 
Fx - Force i n  the  x di rec t ion  (pounds) 

Fy - Force i n  the y d ime t ion  (pounds) 

Fz; - Force i n  the 1; di rec t ion  (pounds) 

Mx - Moment about the x axis ( inch-pounds) 

My - Moment about the y axfs (inch-pounds) 

Mz - Moment about the z axis (inch-pounds) 

C 

Sh - Allowable s t r e s s  a t  operating temperature (psi) 

Cold spring f a c t o r  varying from 0 f o r  no cold spring 
t o  1 f o r  100% cold spring 

- m i m u m  computed equivalent expansion s t r e s s  (ps i )  sE 
Ee - Modulus of e l a s t i c i t y  i n  the  cold condition (ps i )  
Rp - Range of react ions corresponding t o  the f u l l  expansion rawe 

based on Ee (pounds) 

Re - The maxfmum estimated react ion occurring i n  tbs cold 
condition (pounds) 

E& - The m a x i m u m  estimated react ion o o c d n g  i n  the hot 
conditions (pounds ) 

Qb Resultant longi tudinel  bending stress ( p s i )  
a - Resultant to rs iona l  shear stress (ps i )  

IV, RESULTS AND DISCUSSION 

FOP s impl i f ica t ion  i n  analysis,  t h e  ends of a l l  the  piping system 
anarlped were eonsidered fixed a t  the  component connections, 
i n  the  maxfmnmpossible reactfons,  as local ized bending moments and axial 
loads w i l l  cause def lect ions and/or ro ta t ions  thus reducing t h e  piping 
reactionsa 
i n  between fixed-end and hinged-and, rather than fixed-end. This simplifi- 
cation, however, is not excessively conservative s inee i n  many cases we are 
dealing with sens i t ive  ro t a t ing  components whose geometry involves complex and 
discontinuous contoups whfch a r e  not amenable t o  a r e l i a b l e  stress and 
def lect ion analysis. 

This resu l ta  

This is ind ica t ive  of the a c t u a l  end conditions whfch are somewhere 

- 2 -  
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The t h e m 1  expansion analyses t h a t  were performed on a l l  of the 
piping assemblies were based on the lvhotlt Modulus of Elas t ic i ty ,  and the 
assumption of no cold spring o r  in i t ia l  fabricat ion stress, 
reactions a t  the component connections a r e  the  maximum possible react ions 
during the operating condition, 
piping i n  S L o l w i l l  be cut, f i t ,  and welded t o  the  flanges OR assembly, 
resul t ing i n  negligible fabr ica t ion  s t resses .  The maximum hot  react ion 
w i l l  generally exist only during the  in i t ia l  s tar t -up cycle, and will 
subsequently drop of f  due t o  f ie lding and creep i n  the  pipe l ine .  
and stresses are thus sh i f t ed  so tha t  they reappear i n  the  cold condition 
with altered magnitude and with opposite sign, 
the following d e s  on the subjects 

The r e s u l t a n t  

They a r e  r e a l i s t i c  since the  Mercury Loop 

Loads 

The Piping Code provides 

Re * C R r  or 

The value of Rc is  taken as the grea te r  of the two values indicated above, 
with the further condition that:: 

S ~ / S E  x Ee/Eh is  less than 1 

For temperatures i n  the creep range, the hot  react ion will eventually be 
lowered t o  avalue equal approximately t o  Sh/SE bo 

The individual hot  and cold reactions as indicated above are the 
s igni f icant  values wRen judging t h e i r  effects  on sens i t ive  ro ta t ing  
equipment, For piping eonneetions on vessels, however, the react ion range 
ra ther  than the individual  hot OF cold react ion is the s ign i f icant  factor ,  

Tables I through V eontoin the piping load data applicable t o  the 
SL-1 Mereury Loop Assembly components 

- 3 -  
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TABLE I 

PRESSURE 
THRUST 

No, ( IJw 

CONDENSER PIPINQ CONNECTION LOADS, SL-1 

EXPANSION JOINT OR PIPING SPRING FORCES 

hr F;r Fs MX MY HZ 
(US) (LBS) (LBS) (IN-LBS) (IN-LBS) (IN=LBS: 

I, 

llz 

I 1 9  20 10 0 0 0 - 75 
I1 200 20 35 0 0 0 -175 

I11 0 0 0 50 -450 0 0 
IV 0 1,6 8.5 - 2,') - 48.,2 54.6 1224 
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TABLE 11 

TURBINE SIMULATOR MERCURY PIPINQ CONNlECTION LOADS, SL-1 

A L 

/- 

I 

I 

I 

J 

E 
7 

3 

FLANGE LOADINGS - ON TURBINE SIMULATOR Hg CONNECTIONS 

I Hg INLET - I , .  Hg OUTLET - 11 

DUE To THEREiAL GRAVITY DUE To THEmAL ORAVIT3t 
EXPANSION IOADING (10) EXPANSION I LOADING ClG)  

I - 24.2 
37.4 
60.4 

l.060.0 
'17f.O - 75.5 

- 0.2 - 50.0 Negligible - 21.6 50.0 Negligible 
0.3 0 Negligible 

-338.0 0 Negligible 
9.4 0 Negligible 

195.0 -356.d Neglisible 
- 

NOTEt 
1. A l l  loads occur .shnzltaneously. 
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TABLE I11 
BOILER P I P I N G  CONNECTION WADS, SL-1 
T 

J+h INLET 

FLANGE LOADS ON BOILER P I P I N G  CONNEC!L!IONS 
MERCURY OUTIEr  MERCURY INLET 

DUE TO THERMAL DUE TO GRAVITY DUE TO THERMAL DUE To (3RAVITY 
EXPANSION W r n I N O  (1c) EXPANSION IDADING (1G) 

24.2 0.17 - 37.4 - 24.1 - 60.4 0.3 - 506.0 -307 0 
-1185.0 2.6 
560.0 176.0 
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ATTACHMENT 

NaK Inlet 

MOTE: 

AXIAL LOAD !PRANSVERSE LOAD BENDIHG MOMENT 
(Lw ( u s )  (IN-LBS) (IH-LBS) 

-9 -50 
+ -50 + 

0% 

+ + 

1. 
2. 
3. 

Loads on NaK Piping Connections-are by specification control. 
Gravj.ty b a d s  pn NaK Piping Connections are negAigible. 
Loads on a l l  Piping Connections occur siwtaneously. 



TABLE I V  

TURBINE MERCURY PIPING CONNECTION LOADS, S L d  

I 

EXPANSION IOADIIVCI (io) 
DUE To THERMAL QRkVPTY' 

FLANGE fx)ADINGS - ON TURBINE 

I1 

EXPANSION IBADING (XO) 
DUE To THERMAL ORAVITF 

.. 17.3 
+ 15.6 
+ 53.1 
+L3LroO 
+SaO,O - lQ.7 

- 0.12 - 21.6 - 002 
-33800 

0 
+ 10 - 50 
+350 

0 
0 

Nsgligible 
Negligible 
Negligible 
Negligible 
Negligible 
Negligible 

NOTES3 

I,. A l l  Leads Occur Simultaneously. 



TABLE V 

MERCURY PMA PIPING CONNECTION LOADS, SL-1 

t 

PIPING THERMAL EXPANSION LOADS ONMERCURY CQNISECTIONS 
(AT FLANGES) 
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TECHNICAL MEMORANDUM 

DI VI SION SNAP -8 
3 40 : 64 -1 -187 

DATE 17 December 1964 
TM ( SUPP~MENT f f ~ f f )  

w.0. 0743-02-2000 

AUTHO R(Sh A. Levitsky 

TITLE: COMPONENT PIPING CONNECTION LOADS - PCS-1, PCS-2 (SUPPLEMENT) 

ABSTRACT 

This  TM designates the piping connectlon design load data 

for the PCS-1 and PCS-2 components. 

cognizant component design groups and was found to be acceptable. 

Thi6 data has been checked by the 

NOTE: This document is a supplement to TM 340:64-1-187 dated 
5 February 1964 

APPROVED, 

DEPARTMENT HEAD 4 

P. I. Wood 

AEROJQT-GEN ERAL CORPORATION 
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TO : Distribution 

F iiOh1: A .  Levitsky 

SUBJECT : Component Pipinc Loads, PCS-2 (Revised) 

2 November 1964 
AL : 1 j m  
340:64:0101 

DISTSTBUTION: E. G.  Br i t ta in ,  C. P. Colker, J3. b%er, H. B. E l l i s ,  Lo A. Geer, 
12. H i l l ,  W .  14. Kauffman, A. H. Kreeger, H. L. Lessley, 
12. 1'. Marshall, J. ii. Pope, H. D. Tabakman, P. I. Wood, F i l e  

mcLosufu : (1) Summary - PCS-2 Component Piping Loads (lievised) 

REFERENCl3 : (a) Nemo No. 340-64-0097, A. Levitsky t o  Distribution, 
Subject : Component Piping Loads, PCS-2 

The da ta  enclosed with t h i s  msmo covers the  revised forces and moments 
on the  PCS-2 components due t o  connecting piping. 
checked by t h e  cognizant personnel and a r e  donsidered acceptable. 

These loads have been 

A. Levitsky 
System Design, Dept. 340 
SNAP-8 Division 

Approved by : 

L. A .  Geer, Supervisor 
System Design, Dept. 340 
SNAP-8 Division 
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TO: R, So FoleyJ 

FROM: A, bvftaky 

DISTRIBUTIS?t C. Ge B m e ,  E, EGer, L, A, her, Po I, Mood, F%ba 

ENCLUSUREt (1) TAA T r w n i o a  Hourit Design and Analysis, PCS-1 

Enclosed please Fiad tha design and stress analysfer for tho TAA 
Trunnion Support for BCS-1, 

Approved by8 
A, Levitsky 
System Design Section 
SNAP-8 Divisim 
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':h~ grotzrd t e s t  tur5ir.e-&X,crxitor t r w n i o n  mount is designed t o  provide 

; w L  io? +hn " I lU TAA, whiie a l : b , - i z ~  it t o  r o t a t e  in response t o  the  thermal 

\;::n;nsj-Gy* &t ".,en '.J" -a t h e  TAA si;?port ax3 t h e  u?;ier condenser mount. Catalog i t e m  
- 4' .r 
:y..I__IL Yi.%ura l  F i v o i s t l  >iSys used as they k-sure r o t a t i o n a l  freedom even if 

, .  
1. L.L ., x a - ~ i q ;  ssr fzzes  be-twecn the  tymnion  ana tne pin llstick.ll 
izs-Tz c r i t i c z l  por-lion of t h e  design for t h n  prototype unit ,  s ince r o l l i n g  
-u-, c ._ - t-;:cp ." c- ~ l l i  tezd t o  cold-xela i n  a high vacuum. 

This  becores a 

A secvr,dzry o'sJective is t o  provide easy asserbly while maintaining 1m 

- . To;\rr;rd t h i s  aix, t h e  pivot housing is s p l i t  s o  t h a t  t h e  T U  i. L3L., .. . ,.b,ciVLC1 cos ts  

. ~ P J G ; )  crin be e a s i l y  luierea into posiiion. 

. e*-+; 

Tolerances in the  pivot  a x i s  

d i r ~ c c i ~ ~  zre taken up by shinning between t i e  pivot end and housing, while 

~ ; G ~ F - - T ' ~ ~ - I . c ~ ~  in t h s  twbL?e &xis d i r cc t ion  are 
&i&r:;,tcr of the r a t ing  holes between t h e  housing and t h e  mount grez te r  than t h a t  

U+ L:,C cr;-i?c:ctin;; bo l t s .  

ti:; 'iL.di. Y.GW% an3 t h e  pivot housing. 

p iva t  S~LY m d  t?ie end of the pivot  t o  allow f o r  thermal expns ion  in  the  
pi-& 3x-j direc:ion kqile always imintaining zero clearance. 

accommodated by making t h e  

- .? Vertical t o l e r m c e s  are taken up by shimming between 
A conica l  washer is  used between t h e  

T'  t~ prc t  & y p  support assembly will be designed t o  absorb the higher 

c.+ c ._ o v ~ b i c  m d  d j a m i c  acce lera t ion  loads encomtered i n  f l i g h t .  

f le:<trzl  pivots designed spec i f i ca l ly  f o r  t h e  application, as well as an e f f i c i e n t  

Im weight support structure.  
will incorlsorate f l e x i b l e  elelrcnts rather t h a n  s l i d i n g  on r o l l i n g  jo in ts .  

It w i l l  include 

-Where required f o r  thermal expansion, t h e  design 
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TECHNl CAL MEMORANDUM 

DIVIWON SNAP4 

TM 395 :64-2-253 
DATE 5 November 1964 

W.0- 0741-11-2000 

AUTHOR(S)r C. S. Mah 

TITLE: TAA C r i t i c a l  Speed 

ABSTRACT 

To insure that t he  turbine-al ternator  assembly (TU)  would not. f a i l  
because of vibrat ion,  t h e  na tura l  frequency of the  TAA i n  to r s ion  and 

t h e  na tura l  frequency of t he  turbine (TA) i n  several  modes were calculated.  

The na tu ra l  frequency of t he  TA ro to r  i n  f lexure,  on. the basis of 
an assumed bearing s t i f f n e s s  of 6 x 10 5 lb/in. ,  was 20,400 cycles/min, 

5 The bearing a t i f fnes s  of 6 x 10 

and calculat ions,  

lb/ in ,  was based on vendor-supplied data 

Other calculated TA na tura l  frequencies were as follows: 

1, 
2, 

3. 

Natural frequency of TU ro to r  i n  to r s ion  - 3600 cpm 

Natural frequency of composite turbine housing In 
1ateraL' d i rec t ion  - 22,500 cpm 

Natural frequency of turbine r o t o r  i n  axial d i rec t ion  - 
69,000 cpm 

Exci ta t ion of vibrat ions from t h e  turbine wheels, t he  turb ine  nozzle, 

and t h e  bearings were calculated; they were seen t o  cause no resonance. 
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I. INTRODUCTION 

The Turbine-Alternator Assembly (TAA), as a s t ruc ture9  has na tura l  

frequencies i n  vibration. 

s t ruc tu ra l  f a i lu re  of the TAA can occur, 

exci te  undesirable vibrat ionso several  mode8 of TAA vibrations were calculated. 

The most important of these vibration checks consis t  of computing the natural  

frequency o P t h e  ro to r s  i n  flexurep the natural  frequencies of the ro to r s  i n  

tors ionp the natural  frequency of the r o t o r s  i n  the ax ia l  direct ion,  and the 

natural  frequency of the housing. 

If these na tura l  frequencies a re  excited t o  resonanee, 

To insure tha t  the TAA dynamics do not 

The TAA shaf t s '  f l exura l ,  na tura l  frequencies a r e  dependent on very complex 

fourth-order, d i f f e ren t i a l  equations, so a d i g i t a l  computer w a s  used fo r  these 

calculations,  

or l e s s  important, were calculated by hand, 

Other na tura l  frequencies, being less complicated t o  calculate  

In  t h i s  Technical Memorandum only the T U  tors ional ,  natural  frequency and 

various turbine assembly (TA) natural  frequencies a re  presented. 

natural  frequencies a re  presented under separate cover as General Elec t r ic  

Report No, 64GL125, "Bearing Evaluation and C r i t i c a l  Speed Calculations for  the 

SNAP-8 A l t e r n a t ~ r , ' ~  by J, M. McGrew, dated 31 August 1964. 

The a l t e rna to r ' s  

11. CALCULATION OF NATURAL FREQUENCIES 

A. TA FIEXURAL, NATURAL FREQUENCY 

The TA f lexural ,  natural  frequency, commonly re fer red  t o  as % r i t i c a l  

speed,l' is dependent on three main factors:  

t r ibu t ion  along the length of the shaf t ,  and bearing s t i f fness .  

geometry is a function of the turbine mechanical design; the temperature dis- 

t r ibu t ion  along the sha f t  is obtained from a thermal analysis of the TA, (see 
!?!M 394:63-147); and the bearing s t i f f n e s s  is obtained from vendor data, (see 

Appendix A )  . 

shaf t  geometry, temperature dis- 

The sha f t  
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To convert these factors  i n t o  a TA f lexural ,  natural  frequency, the 

Aerojet IBM 7090 Computer Program 2726, Vundmental  Lateral  Vibration Modes," 

w a s  used. 

of a beam as developed by MyKelstad and others, 

of the Holser method, fduniliar i n  tors iona l  calculat ions of f lexural  vibration. 

The d e t a i l s  of the method may be b r i e f ly  summarized as follows: 

This program is based on a method of calculating the natural  frequency 

The method is a d i rec t  extension 

1. 

2. 

3. 

4. 

The beam is first divided i n t o  a number of convenient sectionrs 

The mass of each sect ion is calculated,  divided i n t o  halves, and 
these two halves a r e  concentrated at the two end6 of each section. 
(The beam is then weightless between cu ts9  and a t  each cut there 
is a concentrated mass equal t o  the sum of the masses of the  
adjacent sect ions , 
A natura l  frequency is assumed, and calculations a r e  made from 
section t o  sect ion along the beam. 
with a selected s e t  of end conditions. For instances for  a free- 
f ree  beam, the ahear foroe and the moment C i t  each end a re  equal 
t o  zero. I f  the selected frequency does not y ie ld  a r e s u l t  which 
meets both end conditioas, new frequencies a re  selected and the 
calculations a re  i t e r a t e d  u n t i l  the end conditions a re  met. 

A spring force is added t o  the section where there  is a bearing 
r e s t r a i n t ,  This  spring force is based on bearing s t i f f n e s s  
values bracketing values recommended by vendors. 

( s ta t ions)  . 

The calculations a re  made 

In the ac tua l  analysis,  two assumptions were made. One -the curvic 

couplings of the turbine wheels have only 80% of the s t i f f n e s s  of an -divided 

shaft .  

s t i f f n e s s  of one-piece shaf ts .  

Two -- eomponents such as press f i t  sleeves have only 65% of the 

The actual  division of the shaf t  i n t o  s t a t ions  f o r  computation is 
shown i n  Figure 1. The s t a t ions  were selected a t  the following points: 

1. Diameter change points 

2. Bearing react ion points 

3. 
4. 

Points where the sleeve diameter changed 

Enough other points so t ha t  there  was at l eaa t  one point f o r  
every 4% of shaf t  length, 

The computations were done in  the IBM 7090 d i g i t a l  computer, I n  

Appendix B, the  input requirements fo r  computation m e  outlined. 

r e s t r i c t i o n s  and ins t ruc t ions  fo r  usage, 

Included m e  

-2- 
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Appendix C shows the ac tua l  computational method used i n  the program. 

Included is the def in i t ion  of the t ransfer  matrix used t o  solve the simultaneous 

equations. 

Appendix D shows the physical dimensions of the shaf t  and the physical 

properties of the shaf t  material  at the d i f fe ren t  chosen s t a t ions  of computation. 

Appendix E shows the coaputer print-out of the input and the output 

The output data includes r e s u l t s  based on four d i f fe ren t  bearing s t i f f -  data. 

nesses: 1 x lo5, 6 x lo5, 1 x lo6, and 1 x lo7 lb/in. 

B. TAA TORSIONAL, NATURAL FREQUnVCY 

The calculat ion of the TAA tors ional ,  na tura l  frequency was as 
follows : 

1. The polar moment of i n e r t i a  of the turbine is calculated; the 
golar moment of i n e r t i a  of the a l te rna tor  is obtained from the 
General Elec t r ic  Report No. 3-9-11-63 . 
The na tura l  frequency based on the q u i l l  shaf t  is calculated. 

The na tura l  frequency based on the turbine shaf t  is calculated, 
The al.ternator shaf t  is assumed t o  be r ig id .  

The TAA tors ional ,  na tura l  frequency is obtained by h n k e r l y ' s  
Equation . 

2. 

3. 

4. 

"he calculat ions a re  &own i n  Appendix F. 

C. NATURAL FREQUENCY OF COMPOSITE TURBINE HOUSING IN THE LATERAL DIRECTION 

The composite turbine housing is shown i n  Drawing No. 092100. The 

main feature  of it is the cold frame which bridges the bearing housing and the  

i n l e t  housing. The cold frame consis ts  of four cant i lever  arms. These arms are 
assumed t o  be the l e a s t  r i g i d  i n  the housing assembly for  the calculat ion of t he  

lowest na tura l  frequency. 

The method of calculat ion involves the calculat ion of the deflection 

This deflection-load re la t ion ,  (which is of the housing as a function of load. 

r e a l l y  a spring constant) ,  is then converted t o  a na tura l  frequency with the 

simple spring-mass relat ion.  

The deflection of the  housing was ealculated by the method of v i r t u a l  

work, a method of analysis  based on the c l a s s i ca l  procedures developed by 

A. Castigliano (see Appendix GI. 

-3- 
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D. NATURAL FREQUENCY OF TURBINE ROTOR I N  THE AXIAL DIRECTION 

The natural  frequency of the turbine ro tor  i n  the axial direct ion may 

be calculated on the bas i s  of a simple spring-mass system. 

mass consis ts  of the turbine rotor ,  and the spring consis ts  of the preload 

springs on the bearings. 

111. RESULTS 

In t h i s  case, the 

The actual  calcuations a re  shown i n  Appendix H, 

The r e s u l t s  of the computer analydsof the turbine (TA) f lexural ,  natural  

frequency a r e  presented in Figure 2, 

frequency increases from 12,200 rpm at a bearing s t i f f n e s s  of 10 

For the -1 Model of the TA, the na tura l  
5 lb/in. t o  

24,000 rpm at a 

20,400 rpm at a 

B e  above 

nitrogen as the 

w a s  run up t o  a 

7 bearing s t i f f n e s s  of 10 lb/in. The most probable value is 
bearing s t i f f n e s s  of 6 x 10 5 lb/in. 

r e s u l t  is par t ly  supported by the r e s u l t s  of the TAA t e s t s  with 

working fluid.  

@peed of 15,000 rpm; and while vibrat ions increased, 'there w a s  

I n  one t e s t ,  (Test D-5-R-8 i n  GN S-11, the  turbine 2 

no indication that the TA was operating near c r i t i c a l  speed. 

The r e s u l t s  of the tors ional ,  na tura l  frequency calculations showed tha t  

the ro tor  system will have a natural  frequency of 3600 rpm. 

The 3600 rpm torsional., natural  frequency, being lower than the 12,000 rpm 

design speed of the TAA, w i l l  be encountered by the TAA during both s ta r tup  and 

shutdown. 

the 3600 rpm point quickly, and no d i f f i c u l t y  should be expected, 

However, the present s ta r tup  and shutdown procedures c a l l  fo r  passing 

The natural  frequency of the composite turbine housing ( in  the  l a t e r a l  

direction) w a s  calculated t o  be 22,500 cpm, 

ro tor  in the  axial direct ion was calculated t o  be 69,000 cpm. 

The na tura l  frequency of the turbine 

The turbine nozzles, wheels and the  bearings w i l l  provide exci ta t ion a t  
frequencies other than the fundamental 12,000 cpm of the TAA running speed. 

The excit ing frequencies a r e  as follows: 

-4- 
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Exciting Frequency 
CPM 

A. 

B. 

C. 

TURBINE NOZZLFS 

1. F i r s t  and Second Stage 

2. Third and Fourth Stage 

TURBINE WHEELS 

BEARINGS (See Appendix I> 

1. Ball Spin Frequency 

2. Cage Assembly Rotation 

3. 

4. I r regular i ty  on Inner Race 

5. I r regular i ty  on Outer Race 

Relative Speed Between the  Train 
and the  Rotating Inner Ring 

No resonance is seen t o  ex i s t ;  therefore,  there  should be no exees- 

s ive  vibration at the  TAA design speed of 12,000 rpm. 
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APPENDIX A 

BEARING RADIAL STIFFNESS SUMMARY 
AW AND W D O R  CALCULATIONS 

(J. Rogoza) 

Bearing - Size 208 angular-contact 

Preload - 50 pounds 

R a d i a l  Load - 50 pounds 

Source - 
(1) AGC 
(2) Barden 

(3) Fafnir 

(4) I T 1  

Contact 
AnEle 

1 5 O  
14' 
12 

25' 

0 

R a d i a l  S t i f fnes s  
Lb/In. 

8.2 x 10s 

7.3 x lor 

4 8.8 x 10 

6.7 x 16 
Items (11, (2) and (3) a re  based on the  ana ly t ica l  method of 

A. B. Jones i n  ttAnalysis of Stresses  and Deflections,tt New Departure, 1946. 
Item (2) is fur ther  modified by the vendor's experimental data. 

Item (4) is based on computer analysis,  which included e f f ec t  of 

centr i fugal  b a l l  force at 12,000 rpm. 

Recommend use of conservative value of 6.0 x Id lb/in. for  calcula- 

t i on  of turbine assembly c r i t i c a l  speed. 
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P R O W  272 A 

FITNIUMEPPPAL LBTERAL VIF!BATION Mc83ES 

1. PURPOSE4 

This program i s  designed t o  datemine, by means of an iterative techni- 
que, the n & w a l  frsqaatBciss of a bazri-like structure, which is described by 
a series of lumped massesp connected together by springs, It provides, In 
addition Zothe natural  frtsqnencies, the  associated shears, mamemts, slopes 
anel defbctiaas,  far each associated narmal mode, scaled by an arbitrary factar. 

The method used is that developed by Mykelstad, a d  outlfned in h i s  book 

The recursion formulae are modified t o  include the effects of shear 

Fundamentals of Vibration Analysis, McGraw H i l l ,  1956, 

deflection, rotary inertia, ctnd elast ic  foundation. 
is pat i n t o  the form of a @Transfer Ma*jllr:*, i n  order t o  make use of matsix 
algebra, The 'bransfer matrix is described completely in appendix A, 

In addition, the recursion 

The mecthod is essentially one of plotting a residual boundary condition 
which should equal 0 (moment, in the case of free-free end conditions) as a 
functioa of the frequency, and applying an int,emal-halvfng technique t o  
home in on a root when a sign change i n  the residual is observed* 

111. INPUT: - 
A. Control Card 

Cmd COLI Format - Item 
_I 

lo T i t l e  Information 1-36 
2& Frequency Estimate,  CUO 37-48 
3* Initial Fkequency Step,Au 49-60 
4* Number of Stations, NS 61-43 
So Bo- Condition Code, I S  
6, F i r s t  Mde Nx~~rimr,  NF 67-69 
79 Last M o d s  NUIR~W, NL 7Q-72 

U 6  
E12,8 
E22.8 
13 
13 
13 u 

T i t l e  can be any legal  Holler i th  Characters,Qds in radians/ssc, and 
provides a start ing point for the seareb fur natural frequeacies, 
therefore, be sraaller than the f5rs t  natmd. frequency desired. 

It m a s t ,  

4 is the  amount by *ich the f r e q ~ m ~ y  is stepped ini t ia l ly ,  It is 
modified by the program as axscution proceeds. 
worked w e l l  in the past)* 

the system, 

@= .Os =- JQ xT!hhZzI 

NS is  the number af stations, (axial coordimtess) used i n  descr ibhg 
(5s NS =loo) .. 

NB is the eode used t o  aspecify boumtary conditions, as fol lwa: 
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Ppogram 272 A 

- NB mt End R R .  (%&t end<'right end) 
1 
2 

i 
5 
6 
7 
8 
9 

Free 
FSasgd 
F3Xd 
Fixed 
PhIlF2d 
P h e d  
Free 
PilUl& 
Free 

B. Dab Cards 

The M e r  of data cards must be NS, one f o r  each station, 
hput parameters l isted below are expc$ed t o  be in E12,8 Formatc 

A l l  the 

Item (On the i-th data cad) C a d  601 
I 

l-12 
13-24 
25-36 
37-48 
49-60 
61-72 

X is the distance from some p o w  on the beam axis  t o  the i-th 
station, 

WT is the weight of the mass lumped a t  the i - t h  station, 

E 1  is the bending stiffness between stations (i) ard ( 5  d- l)* 

E = modulus of elasticity,  
I = moment of b r t i a  of area of cross section, 

I is the moment of iner t ia  of the i-th mass about an axis prpndecular  
t o  th8 plane of bending, and through the neutral axiso 

AG/K -fs the shear stiffness between stations (i) and ( i  + l), 

A - cross seetion area 
0 = shear rnodnlus 
K = csmtant accounting f o r  distribution of shear s t r e s s  on the 

cross sectione 

KS i s  the e l a s t i c  f o d a t i o n  spring constant a t  t h e  5.-th station. 

1, Stations on the bean mst be chosen so as t o  give a reasonable 
representation of the  E1 distributiono Where discontinuities occur, it is 
a d a a b b  t o  ekoose 3 stations t o  desoribe the discontinuity; 
side of, and om on, the! d$scon%in'4ty* 

o m  on eithar 
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III-INPUT (Cont.) -3- Program 272 A 

C. Data Preparation (Con tbwd)  

2. Weights must be lumped so that those a t  the fbst and last 
statiaw are zere. 

3. Ik arder t o  describe sectdons of the beam which 81.6 i rxf ia i te ly  
stiff in shear af bending, t h e  program w i l l  aecept %erdq far either 
AG/K or EI, and trat it as if it w e r e  sin Jlpfixttely la rge  numbtar, A 
s t i f f n e s s  which is ac tua l ly  zero, sueh as a pin j b b t ,  is nut accepbble.  

4. X, WT, E1 and/or AG/K are -the only required inpats to the pro= 
Iz and KS need be input only when mcessaqy t o  describe thrs  phy- €Fa. 

s i o a l  system, and then only  a t  selected stations.  

N, OUTPUT: 

1, A l l  input information is writ ten out, 

2. During the  search far na tura l  frequencies, each frequmcy and its 

3. When a natural  frequency is found, it is written out, both in radians/ 

accompanying res idua l  i s  written outo  

sec and cyoles/sec, 
slope, t o t a l  slope, and t o t a l  def lect ion a t  each axial coordislate. 
outputs are i n  two f ormsz 

This is f o l l m e d  by output of the shear, moment, bending 
These 

a, The output pa ramte r s  a r e  sealed such that the  def lect ion w i l l  
be unity a t  some point. 
an i ty  a t  t h a t  end. 
ba scaled t o  unity. 

b. The vslues output in ( a )  will be sealed by a constant @ , 

If there is a free end, the def lect ion w i l l  be 
If there  is no free e d ,  the maximum deflect ion will. 

chesaln t o  make 

which is the t e ta3  mass, where m is the miss a t  the i - th  s ta t ion,  y is &e 
deflect ion a t  t h e  i - th  s t a t ion ,  Iz is the  ro ta ry  moment of i n e r t i a  a t  t h e  
i - th  s t a t ion ,  and atis the bending slope a t  t h e  i-th s ta t ion,  

4~ BCD card output is written f o r  each naturdl. frequency on drive Bl 
as f o l l w s :  

A l l  d a t a  is m i t t e n  in’ fpE12.5 Famat  

Card 1 - 
I t e m  Card Col - 

Total weight 1-12 
Natural Frequency, rad/sec 13-24 
/s, in (3.b) above 25-36 

Page IV-162 



TB. OUTPUT (cent.) &o~P= 272 A 

Card 2-Card NS+1 

V. 

It& - Card Col 

-1 Coordirate 1-12 
Weight 13-24 
Shear 25-36 
Hment 37-48 
B a d h g  Slap8 49-60 

Where &hear, moWsn0, slaps, and deflection are scaled as in 
Deflection 61-72 

(3 .4  above, 

The generalized mass, generalized stiffness, a n d t m  y f o r  each 
nattlrral freqaemy, f ollutrcd an Wrthegonali.t;Jr Matrix~~’whre 

where the supersaripts Mica%e lnode number. Far a rtperfWttl selutia, 

ai - 0, i{ j 3  - 1, i-j 
3 

heme the  a i m  of the off-diagonal t-8 gives a masure caf accuracy* 

REs~ImIoNs t 

1, The nmaber of s ta t ions  used, NS, rrmst be greater than 4 but less  than 
l Q l a  

2. Where two natural frequencies are elese together, it Is possible that  
e m  of them may be mbsed. Hence a carefM.  emahat ion  qf the outpu% de- 
f leet ion Mi117T6s is necessary t o  make sure that n@ modes have been laissutd. 
This 3.s a particular problem when elastic fanndation spring constants me 
utilirted. Thay intmduce in9im3ite discoatbuitiezs in the residua3 curve, 
and while the program will jmp on% of sueh a seg5en when it discevars it, 
it may, in so doing, pass mer a root at the stme timet 18 rerun, starting 
i n  the regim where a root  was missed will usually r esult kn finding the 
msSsing root. 

30 Weight at the;.eiFst and last atations must be zero4 

VI. USAGE: 

3. Tapest 
hput -bgiea l  5, phgsica3. U, 
(Phyd.call A2 is specified since the Fap program checks f O k  EOF ~n 
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Progran 272 A 

3. Tapes: (Corrtinmd) 

A2 W a r e  rd!mbdhg and a0ading BCD card output tape ) 

4. As many cases as desired can be stacked a11 the irq3at taps, 
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APPEMDIX C 

DEFINITION OF TRE TRANSFER MATRIX 
AND ME!THOD OF CALCULATION 
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1. It 5s the @prater which defizw8 the (i41) state vector si+ly 3n 
.tcsraa sf the ith state veatarr, 8%, as sham belarrs where the state vector is 
coonposed ef shezr, nummt, slqe, and deflection, 

t21 =Ax, - xi*l - x i  

2 L -AXi 3 % ~  t33 - L 4xi  t23 
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AHi  is the distance between staticsns i and i+l, 'inaes 
2 EIi is the bending atLf'fness betmeea atatien id i+l, lb-3.a 

ni  is^ the mass at statim i, lbsrec /in 

(AG/IS)i is the shear stiffness between statism 5 and i3.1, lba 

2 

A. 
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APPENDIX D 

DATA FOR L-091069 SHAFT APlB ROTOR ASSEMBLY 

(W. J. Zwicker) 
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APPENDIX E 

COMPUTER INPUT AND OUTPUT DATA 
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APPENDIX F 

CALCULATION OF TAA TORSIONAL, NATURAL FREQUENCY 
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APPENDIX G 

NATURAL FREQUENCY OF COMPOSITE TURBINE 

HOUSING IN THE LATERAL DIRECTION 

(H. F. Hafen) 
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APPENDIX H 
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Report No. 2954 
Volume I 

V. TEST RESULTS 

To date ,  t h e  TAA has been subjected t o  several  t e s t s  consisting of 

(1) a gaseous nitrogen t e s t  t o  check the  mechanical in tegr i ty ,  L/C system 

performance and preliminary aerodynamic performance, (2) addi t ional  gaseous 

nitrogen t e s t s  as a par t  of t he  Cold Gas E lec t r i ca l  System Tests,  and (3) 
preliminary t e s t s  i n  the  Rated Power Loop with hot mercury vapor. 

section contains tes t  r e s u l t s  as  follows: 

This 

(A) GN2S-1 - Test Report No.  395/64-00014 
- Test Report No. 395/64-00014, Supplement No. 1 

(B) CGEST - This t e s t  i s  being reported on by the  E lec t r i ca l  

Controls Group 

( C )  RPL-2 - Operation of TAA 3/2 i n  RPL-2 - TM 4832:65-1-288 
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TURBINE ALTERNATOR ASSEMBLY TESTING I N  ON2= 

(FIRST TEST) 
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C. S. Mah 
Rotating Machinery Dept. 
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SNAP-8 Division 

Von Karman Center 
AEROJET-GENERAL CORPORATION 

Page V-2 



TAA No. 1, Buildup No. 1 w a s  t e s t ed  i n  GN S-1. The basic object ives  
of the  tes t  were t o  evaluate the  lubricant/cool&t (L/C> system, the  
mechanical i n t e g r i t y  of the  T U ,  and the  general  s t a r t u p  and steady-state 
cha rac t e r i s t i c s  of t he  TAA with nitrogen as the turbine working f lu id .  
The conditions under which it was t e s t ed  were as follows: 

Nitrogen: 

Turbine i n l e t  pressure 77 ps i a  
Turbine i n l e t  temperature 333°F 
Turbine exhaust pressure Ambient 

ET-378 : 

TAA L/C i n l e t  pressure 
TAA L/C i n l e t  temperature 230°F 
T U  L/C e x i t  pressure 

39.6 and 69.9 p s i a  

3.1 and 5.4 ps i a  

The following tes t  r e s u l t s  were obtained: 

+ + Bearing and s l inger  l o s ses  .4 - .1 t o  .7 - .1 kw/brgo 

Turbine space seal coolant: 

Passage pressure drop 34 ps i a  

Alternator eff ic iency at 
13.5 kw (uni ty  P,F,) output 
( including bearing and 
s l inge r s )  86-6 2 7% 

W b i n e  eff ic iency 44 2 3% 

Turbine flow .515 2 *15 lb/sec 

The t e s t  w a s  considered successfulo The only components which did 
not perform as expected were the  turbine space seal  heat  exchanger and the  
turbine ro to r  axial posi t ion indicator .  
showed a coolant passage drop of 34 p s i  instead of the  ant ic ipated 20 p s i  
at design conditions, 
r e g i s t e r  a x i a l  movement when the  thrust-control valve w a s  t h ro t t l ed ,  

The turbine space seal heat  exchanger 

The turbine ro to r  axial posi t ion indicat ion did not 
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I. INTRODUCTION 

The SNAP-8 Turbine-Alternator Assembly (TU) w a s  t es ted  on 23 May 
1964 i n  the  Gaseous Nitrogen System Loop No. 1 (GN2S-1) i n  Building 180. 
The s t a t i c  t e s t  w a s  s t a r t ed  at 1430 hours; the dynamic t e s t  w a s  s t a r t ed  
at 1800 hours and w a s  continued f o r  1 hour, 10 minutes. 
f i r s t  fo r  the TAA, w a s  performed i n  accordance with References 1 and 2. 
The TAA tha t  was tes ted  w a s  designated as T U  No. 1, Buildup No, 1 
(Drawing No. 093000). 

The t e s t ,  the 

The TAA w a s  instrumented as shown i n  Figure 1, 

The basic objectives of the t e s t ,  as s t a t ed  i n  Reference 2, were 
t o  evaluate the lubricant/coolant (L/C) system (see Figure 21, the mechanical 
i n t eg r i ty  of the TAA, and the general s t a r tup  and steady-state characteris-  
t i c s  of the TAA with nitrogen as the turbine working f lu id ,  

11. TEST FACILITIES AND INSTALLATION 

The t e s t  f a c i l i t i e s ,  GN S-1, consisted of a nitrogen system, a 
lubricant/coolant (ET-378) sysgern, controls,  and instrumentation as 
specif ied i n  Reference 2, 
Drawing Nos, 101222, 101278 and E100798, All the data except t ha t  which 
were required for  monitoring the safe  operation of the TAA were taken on 
a print-out system ca l led  the Dig i ta l  Data Acquisition System (DDAS). 
The pertinent data fo r  the monitoring of the operation of the  TAA were 
recorded on s t r i p  char t s  or visual ly  displayed on gages. 
the v isua l  gages were noted by a test  engineer o r  a technician, 

Detai ls  of the t e s t  f a c i l i t i e s  a r e  shown i n  

The data from 

111. TEST PROCEDURE 

A, PLANNED PROCEDURE 

The detai led t e s t  procedure, as planned for  the t e s t ,  is 
specif ied i n  References 3 and 4. Brief ly ,  i t  is as follows: 

1. 

2. 

3. 

4. 

5. 

The L/C system is prepared for  operation. 
heated t o  210°F at the TAA L/C system i n l e t ,  

The o i l  is 

Coolant is  admitted t o  the space s e a l  heat exchanger and 
the a l te rna tor  coolant passages u n t i l  the temperature 
has s tab i l ized .  

The nitrogen system is prepared t o  y ie ld  the  following 
conditions at the turbine in l e t :  

Pressure 75 ps ia  
Temperature 315OF 

Nitrogen is admitted i n t o  the turbine. 

Lubricant is admitted t o  the bearings, 
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6 ,  The th rus t  balancer is adjusted f o r  zero axial th rus t  
i n  the  turbine,  

7. Run the  TAA at 12,000 rpm u n t i l  nitrogen is depleted or  
the  t e s t  object ives  are accomplished., 

8, Shut down the tes t  system. 

B. TESTING 

S t a t i c  t e s t i n g  w a s  begun at 1530 hours, However, t he  dynamic 
t e s t i n g  did not begin unti l  1800 hours, 
f o r  1 hour and 10 minutes. 
a l l  t e s t i n g  within the  capabi l i ty  of t h e  system. 

The dynamic tes t  w a s  continued 
The t e s t  w a s  terminated a f t e r  completion of 

Several  deviations from the  planned tes t  procedure had t o  be 
i n i t i a t e d  because of d i f f i c u l t i e s  encountered during tes t ing ,  
as follows: 

These were 

1, The f i r s t  deviation w a s  made when it was discovered t h a t  
t he  o i l  (ET-378) temperature at the  TAA L/C i n l e t  cannot be reduced t o  less 
than 230°F, which w a s  20° higher than design, However, t he  bearing outer 
race temperatures and the  a l t e rna to r  s t a t o r  temperatures were within 
acceptable l i m i t s ,  so the  tes t  w a s  allowed t o  continue, 

2, When the  turbine was running a t  speed (120000 rpm>¶ the  

However, the  axial posi t ion ind ica tor  did not ind ica te  
valve on the  thrust-balancer l i n e  w a s  manipulated t o  vary the axial thrus t  
on the turbine,  
any turbine shaf t  movement when the  valve was varied from s l i g h t l y  open t o  
f u l l y  open, 
bearings were running cool,  the t e s t  w a s  continued with the  thrust-balancer 
valve f u l l y  open, 

Since there  w a s  no axial th rus t  indicat ion,  and the turbine 

30 During the  steady-state run at 129000 rpm, the  accelerometersp 
which were set t o  alarm at 5 g g s ,  were alarming in te rmi t ten t ly ,  
when one placed a hand on the  t e s t  stand, r e l a t i v e l y  l i t t l e  or  no vibrat ion 
was indicated,  
permitted t o  continue t o  culmination and t o  have a nost-test  check made on 
the  accelerometer data. 

However, 

It w a s  decided on t h i s  subject ive bas i s  t h a t  t he  run be 

4, The pressure transducer on the  turbine exhaust indicated 
a pressure less than atmospheric, 
d i r ec t ly  t o  atmosphere, a turbine exhaust pressure l e s s  than atmospheric 
w a s  very improbable. 
t h a t  t he  pressure transducer w a s  i n  e r ro r  and the turbine exhaust pressure 
w a s  atmospheric 

Inasmuch as the  turbine exhausted 

The test  w a s ,  therefore ,  performed with the assumption 
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C. POST-TEST CHECKS 

Post-test  checks were made on the  components and instruments which 
did not perform according t o  expectations, 
following: 

The checks included the  

1, The space seal heat exchanger fo r  TAA No. 2 w a s  flow 
checked with MIL-H-5606 o i l  (properly conditioned ET-378 w a s  not avai lable)  
The purpose of t h i s  check was t o  compare the  presswe drop of t he  spcce 
s e a l  heat  exchanger fo r  TAAPs 1 and 2 t o  see whether t he  pressure drop 
encountered i n  TAA No, 1 w a s  t o  be expected, 

2, The space seal heat  exchanger (TAA No, 1) w a s  backflushed 
by re-plumbing the  GN S-1 L/C system l ines .  
w a s  t o  determine whetzer the space seal heat  exchanger w a s  clogged with 
foreign matter 

The purpose of backflushing 

3* Flow meters F8, F29 F9 and F11 and pressure transducer 2-8 
were reca l ibra ted  because of inconsis tent  readings, 

4, The turbine ro to r  axial posi t ion indicator  w a s  checked 
by manually moving the  fourth s tage wheel of the  turbine from t h e  turbine 
exhaust opening ., 

5o The na tura l  frequency of t he  Lest stand was checked by 
l i g h t l y  h i t t i n g  the  s tand and checking the r e su l t an t  vibrat ions,  
na tura l  frequency of the  stand is needed fo r  t he  analysis  of the  TAA 
accelerometer data , 

The 

60 The cooler f o r  the ET-378 w a s  checked t o  determine the  
cause f o r  lack of cooling of the  ET-378, 

I V ,  TEST RESULTS 

The post-test  checks showed t h a t  the  pressure drop for the  space s e a l  
heat  exchanger f o r  TAA No, 2 (MIL-H-5606 o i l  data  extrapolated fo r  ET-378 
flow of 1600 lb/hr at a temperature of 210'F) is 17 p s i  as opposed t o  the  
a P of 33 ps ia  measured for  TAA No, 1, The backflushing of t he  space seal 
heat exchanger f o r  TAA No, 1 indicated a QP of 24 p s i  at flow of 1400 l b h r  
of ET-378 Q 210°F, 
is 32 p s i ,  approximately the  same as the  37 p s i  f o r  the  normal flow, 

Extrapolated t o  a flow of 1600 l b h r  at 210'F the A P  

The reca l ibra t ion  of t he  flow meters (F8, F2, Fg, F11) showed t h a t  
they were indicat ing proper flows, However, the reca l ibra t ion  of t he  
pressure transducer f o r  P8 showed i t  t o  be i n  e r r o r o  

The t e s t  data  f o r  the  first run of TAA No, 1, Buildup No, 1 i n  GN2S-1 
is included as Appendix A, The data  are shown i n  the reduced form and 
include data  from the  DDAS, s t r i p  cha r t s  and v i sua l  gages, 
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I V .  TEST RESULTS (cont do 

Figures 3 t o  6 show the  data  i n  the  f i n a l  form, Figure 3 is a 
summary of t he  TAA L/C system data;  Figure 4 is a summary of t he  a l t e rna to r  
coolant system data; Figure 5 is  a summay of t he  space s e a l  heat  exchanger 
coolant data; and Figure 6 is a summary of the turbine nitrogen data,  

Figure 3 shows tha t ,  for  an i n l e t  pressure of 39.7 p s i a  and an i n l e t  
temperature of 233OF t o  the  TAA L/C system the  following bearing i n l e t  
flows and bearing outer-race temperatures, bearing ou t l e t  flows,, and 
bearing ou t l e t  temperatures resulted: 

** **  
Outlet Flow Outlet 

Outer Race lb /hr  Temperature 
I n l e t  Flow Temperature Trans- Reflux Trans -  Reflux 

l b / h r  OF flow Flow flow Flow 

Turbine anti-drive 215 263 157 58 254 270 

Turbine dr ive 200 258 146 54 240 266 
Alternator dr ive 153 270* 90 63 251 270 
Alternator anti-drive 192 270* - - 252 272 

*Thermocouple i n s t a l l e d  i n  housing separated from bearing 
outer race  by the  bearing clearancep 0,060 in, housing 
mater ia l ,  and t h i n  layer  of e l e c t r i c a l  insulat ion.  

**Each bearing has  two lubr icant  o u t l e t  po r t s  (Figure 310 
One d i r e c t s  t he  lubricant  flow tha t  goes through the  
bearing,, t he  other  d i r e c t s  t he  lubr icant  t ha t  is 
re f l ec t ed  from the  bearing, 

Using the  above temperatures and flowss the  calculated bearing and 
s l inge r  losses (see Appendix B) are as follows: 

Bearing and 
Sl inger  Losses - kw 

Turbine anti-drive 0 70 

Turbine dr ive 0 39 

Alternator dr ive 0 49 
Alternator anti-drive 0 65 

Figure 4 shows a coolant (ET-378) temperature r i s e  of 4OF i n  the  
a l t e rna to r  with a coolant flow of 1335 l b / h r  at an i n l e t  temperature of 
230°F. The a l t e rna to r  output was 13.5 kw (uni ty  power fac tor ) ,  

-4- 
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I V .  TEST RESULTS ( con tgdo)  

Using the above values of coolant flow, A T ,  and a l t e rna to r  putput, 
Adding the  values an a l t e rna to r  e l e c t r i c a l  eff ic iency of 93% is indicated,  

of bearing and seal lo s ses  from the  test  data y i e lds  an a l t e rna to r  
eff ic iency of 86.6% (see Appendix B ) ,  

Figure 5 shows tha t  the  pressure drop across the space s e a l  heat  
exchanger is 24 p s i  with an ET-378 of 1335 lb /h r  at 230°F0 
t o  1600 lb /h r  and an i n l e t  temperature of 210°F (see Appendix B) ,  the  d P 
across the  heat exchanger would be 3704 ps i ,  

Extrapolated 

Figure 6 shows the  .following tes t  conditions fo r  the nitrogen i n  
the  turbine: 

N pressure, turbine i n l e t  77 ps i a  

N temperature, turbine i n l e t  333OF 

N flow, turbine i n l e t  .516 lb/sec 

N temperature, turbine exhaust 202OF 

2 

2 

2 

2 

These values y i e ld  a turbine aerodynamic eff ic iency of 44%- 
Together with the bearing and s l inge r  l o s s  data ,  t he  turbine output power 
is 2203 hp or  15.6 kw, 

v o  DISCUSSION OF RESULTS 

A, TESTING 

The f i r s t  t es t  on TAA No, 1, Buildup No, 1 i n  GN S-1 w a s  
successfulo On t he  bas i s  of comparison with design data, on& t h e  space 
seal heat  exchanger pressure drop is d i f f e ren t  from the expected values, 

The t e s t  was run with ET-378,at the  entrance of the TAA L/C 
system,at a temperature of 230°F, o r  20°F higher than the  design value of 
210°Fo The higher L/C i n l e t  temperature would r e su l t  i n  higher bearing 
temperatures, higher a l t e rna to r  temperatures, and flow cha rac t e r i s t i c s  
d i f fe ren t  from design, However, t he  r e su l t i ng  operating temperature of 
the bearings (260-270°F), and the  a l t e rna to r  (325OF) were acceptable f o r  
short-duration operation, and the  system flow cha rac t e r i s t i e s  can be 
r e l i a b l y  extrapolated on the  bas i s  of viscosity-temperature re la t ionships ,  
The high L/C system i n l e t  temperature w a s  caused by inadequate cooling i n  
the o i l  cooler,  The post- tes t  check on the o i l  cooler,  (which w a s  a tube- 
in-shel l ,  double-pass type),  indicated t h a t  changing the o i l  flow from the  
tubes t o  the  s h e l l  would enable the  ET-378 t o  be cooled t o  design tempera- 
ture (210OF). 

-5- 
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B. SPACE SEAL HEAT EXCHANGER PRESSURE DROP 

The space seal heat  exchanger had a pressure drop higher than 

For TAA operation i n  a Hg loop, t h i s  lower 

The lower flow can a l s o  mean t h a t  the  coolant 

expected, 
through the  TAA coolant loop, 
flow can mean t h a t  the  space does not get adequate cooling, r e su l t i ng  i n  
excessive space s e a l  leakage, 
leaves the  space s e a l  and en ters  the  a l t e rna to r  at a higher temperature, 
The a l t e rna to r  w i l l  then operate at higher than design temperature because 
of higher coolant temperature and lower heat  t ransfer ,  

The consequence of t h i s  high pressure drop w a s  a lower flow 

The heat  exchanger for  TAA No, 2 was flow-cheeked (with 
MIL-H-5606 o i l )  t o  determine whether the  problem exists i n  the  second uni t .  
The resul ts  showed t h a t  the  TAA No, 2 space s e a l  heat  exchanger ~ l l  have 
a pressure drop of 17 p s i  for  ET-378 service at design conditions, a value 
consis tent  with the  design value of 20 ps i ,  
the  problem of high pressure dpop i n  the TAA No, 1 space s e a l  heat  exchanger 
may be unique. 

This flow check ind ica tes  t h a t  

The backflushing of the  TAA No, 1; space s e a l  heat exchanger 
yielded ind i f fe ren t  r e s u l t s ,  No p a r t i c l e s  were found and 
s igni f icant ly ,  
taminants despite the  flushing operation, On the  other hand, t he  high pressure 
loss might be inherent i n  the  heat  exchanger due t o  some fabricat ion problem. 

P did not change 
The heat  exchanger passages may still be clogged with con- 

Regardless of the cause? a high pressure drop exis ts  across the  
TAA No, 1 space seal hea t  exchanger, P a r t i a l  solut ions t o  t h i s  problem, shor t  
of disassembling the  TAA and replacing the  heat  exchanger, are t o  take out t h e  
flow-balancing o r i f i c e  i n  the  TAA coolant loop o r  provide a control led pmxil.lel 
loop t o  the  space seal o r  both, 
i n  t he  TAA coolant loop t o  near design, 
heat exchangerB i f  neededo w i l l  insure  tha t  the a l t e rna to r  will get  the  design 
cooling flow, 
inadequate cooling, Howeverp the  consideration of the  expected l i f e  of the  
rubbing face s e a l s  and the proposed length of operation fo r  TAA No, 1 before 
reassembly ind ica tes  t h a t  t h i s  w i l l  not  be a major problem, 

Removing the o r i f i c e  will increase the  flow 
The p a r a l l e l  loop t o  the  space seal 

Excessive leakage from the space seal may occur because of 

C.  THRUST BALANCER 

The axial posi t ion ind ica tor  indicated no turbine sha f t  axial 
movement when the  valve opening on the  turbine thrust: balancer l i n e  was 
varied,  
tests because of d i f fe ren t  pressures and d i f f e ren t  sonic ve loc i t i e s  of 
t he  N2 and Hg, 

This r e s u l t ,  while s ign i f i can t ,  does not apply t o  the  fu ture  Hg 
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D, ALTERNATOR 

The a l t e rna to r  has been t e s t ed  at power outputs from 20 kw t o  
60 kw (uni ty  power fac tor ) ,  
of the first tes t  i n  GN S-1 of TAA No. 1, Buildup No, 1, the  indicated 
eff ic iency is 74% (Figure 71, 
s l inger  l o s ses  of 2.9 kw. 

eff ic iency of 93% gased on the  a l t e rna to r  coolant flow and temperature r i s e ,  
Adding t o  t h i s  e l e c t r i c a l  eff ic iency t h e  bearing and s l inger  losses ,  t he  
a l t e rna to r  eff ic iency is 8 6 0 S o  

Extrapolating these data  t o  the  13,5 kw output 

2 "his ef f ic iency  includes bearing and 

The GN S-1 tes t  r e s u l t s  (see Appendix D) show an a l t e rna to r  

Another method of calculat ing a l t e rna to r  eff ic iency is t o  base 
This a l s o  y i e lds  an a l te rna tor  eff ic iency it on the  turbine power output, 

of 86,6%, 

The 8&+% al te rna tor  eff ic iency is based on a bearing and 
s l inger  loss of 1,16 kw, 
with the  a l t e rna to r  test  data ,  t he  a l t e rna to r  eff ic iency is 78,1%, or  
within 4% of the  a l t e rna to r  data., 

I f  t h i s  is increased t o  2,9 kw t o  be consis tent  

Several fac tors  i n  the performance of t h e  a l te rna tor  bearings 
and s l inge r s  are worthy of comment, 
the bearings, the  d i s t r ibu t ion  of lubr icant  f o r  bearing cooling ( lubricat ion)  
and s l inge r  cooling (a l te rna tor  ro to r  cooling) 
temperatures, and the bearing and s l inge r  power losses ,  

These include the  lubricant  flow t o  

the  bearing outer-race 

The tes t  data  showed a flow of less than the  design flow of 
200 lb /hr  t o  the  bearings, "his is the  r e s u l t  of t h e  d ispar i ty  between the  
t e s t  pressure a t  the  bearing i n l e t  of 23 ps i a  as compared t o  a design pres- 
sure of 33 psia ,  The d i spa r i ty  between t h e  t e s t  and the  design pressure is 
the  r e s u l t  of t he  changing of the  design concept from o r i f i c ing  each bearing 
lubricant  i n l e t  l i n e  t o  o r i f i c ing  the  lubricant  i n l e t  manifold. 
be noted t h a t  the  measured flows a r e  consis tent  with data  obtained from 
the a l t e rna to r  tests. 

It should 

The flow d i s t r ibu t ion  t o  the  two bearing slin$ers is as expected, 
A t h i r d  of t he  t o t a l  bearing lubricant  flow is in jec ted  across the  bearing, 
while two-thirds of the  flow is used t o  cool the  a l t e rna to r  r o t o r  by way of 
the  inboard s l inger ,  
independent of the  a l t e rna to r  power output, and the  cooling requirements fo r  
the  Peducgd-power tes t  a r e  the same as the  cooling requirements f o r  a 
full-power tes t ,  

Note t h a t  the  a l t e rna to r  ro to r  e l e c t r i c a l  l o s ses  are nearly 

* 
The outer-race temperature of the  a l t e rna to r  bearings w a s  at 

270°F during the  tes t ,  
Howevero considering t h a t  the  lubricant  i n l e t  temperature is a l s o  20°F too 
high, t he  r e su l t i ng  outer-race temperature f o r  t he  t e s t  is t o  be expected, 

This is  about 20°F higher than the  design value, 

*See page 4, 
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D . ALTERNATOR (cont d o  1 

The bearing and s l inger  losses  a re  shown t.0 be about the same a s  the 
0.86 kw/bearing ant ic ipated (Figure 21, 
ET-378 at a higher temperature ( therefore  lower v i s c o s i t y )  might have a 
small influence on the r e s u l t s ,  

The f a i t  t h a t  the t e s t  was run with 

E. TURBINE 

The turbine had an efficiency of 44% on the t e s t ,  "his is 
within instrumentation accuracy of the  anticipated efficiency of 47 *5% 
(see Appendix E) ,  

The theore t ica l  turbine e€ficiency is an aerodynamic efficiency; 
it includes the in te rs tage  labyrinth leakage and the thrus t  balancer leakage 
but not the  bearing and s l inger  losses, 
aerodynamic charac te r i s t ics  are  a s  follows: 

The theore t ica l  turbine thermo- 

1st Stage 2nd S t a E  4th Stage 

I n l e t  pressure 75 75 52 27 18 
Outlet pressure 15 51 2607 17.7 15 
Pressure r a t i o  0.2 0072 0051 0 ~ 6 6  0083 
u/co 00a4 0 ~ 2 6  0,21 0026 0,45 

7 0051 0046 0 ~ 3 8  0-55 0070 

7 Incl.  Leakage 0 o 475 

Under the N t e s t  conditions, the second stage of the turbine 2 is the only choked stage (pressure r a t i o  < 0,528) and it is the stage i n  
which the most energy from the gas is taken out., 
s m a l l  pressure drop from 18 t o  15 ps ia ,  does prac t ica l ly  no work. 

The last stage,  with a 

The theore t ica l  turbine eff ic iency is based on the estimate tha t  
the turbine w i l l  be at l e a s t  60% e f f i c i e n t  i n  the  Hg system, 
an oversized thrust-balancing piston and twice the  design in te rs tage  
labyrinth clewaneesp and therefore increased leakage losses., Since the  
t e s t  r e s u l t s  are still comparable t o  the theore t ica l  r e su l t s ,  it may be 
concluded tha t  the f i n a l  turbine design has a high probabili ty of achieving 
at least 60% eff ic iency i n  Hg service,  

TAA No, 1 has 

The turbine bearings and d i n g e r s  performed as expected i n  
The bearing flow, the lubricant  d i s t r ibu t ion  through each bear- every way, 

ing, the bearing race temperature, and the bearing and s l inger  losses a l l  
agree with the theore t ica l  values within the accuracy of the instrumentation, 
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V I .  CONCLUSIONS 

A. 

B, 

C. 

Do 

E, 

F, 

Go 

The t e s t  w a s  completely successful,  
formed as expected with the  exception of the high pressure 
drop across the  space seal heat  exchanger, 

A l l  TAA components per- 

Changes w e  required on the  a l t e rna to r  lube i n j e c t o r s  and the  
o r i f i c e  i n  the  TAA coolant loop t o  be t t e r  balance the  
L/C flow, 

The bearing and s l inger  losses  average about O,6 .1 kw/bearing. 

The bearing outer-race temperatures are 260-27O0F9 with the  
lubricant  at a temperature 20°F higher than design at the 
i n l e t  of the  TAA L/C system, 

The a l t e rna to r  eff ic iency is 86.5 2 7% including bearing losses ,  

The turbine aerodynamic eff ic iency is 44+2 3%; the  eff ic iency 
including bearing and seal losses  is 39 - 4%0 

More t e s t i n g  is required t o  complete the  object ives  specif ied 
i n  Reference 2, 
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I. SUMMARY 

The TAA w a s  t e s t ed  fo r  a second 

objective of the test  w a s  t o  determine 

system performanceo 

time i n  GN2S-1 (Test D-5-R-5). 
the e f f ec t  of temperature on the  L/C 

The 

By increasing L/C temperature from 187-F t o  220-F, the  following 

changes occurred: 

1. Turbine space seal heat exchanger pressure drop decreased 

2. 

3. 
4, 

approximately as a function of 1/Reo5.  

Bearing lubricant  flow increased from 750 l b / h r  t o  820 lb /h r .  

Bearing outer race  temperature increased about 23 F. 

Bearing and s l inge r  l o s ses  decreased from 4,2 kw t o  307 kw 
( for  a l l  four bearings a 

0 

The turbine aerodynamic eff ic iency w a s  yt = 51-52%. 

11. INTRODUCTION 

TAA No. 1, Buildup No. 1 w a s  t e s t ed  a second time i n  GN2S-1 on 5 June 

The objects  of the  tes ts  were the  determination of the  e f f ec t  of the 1964. 
lubricant/coolant temperature on the operation of the bearing/seal systemp 

the a l t e rna to r ,  and the  TAA L/C system i n  general. 

The tes t  f a c i l i t y  (GN2S-1) was unchanged from the f i r s t  t e s t  (Test D-5-R-3) 
This modification consis ted except fo r  a modification of the  o i l  cooler plumbing. 

of changing the  f l u i d  flow i n  the  tube-in-shell heat  exchanger from water-shell/oil- 

tube t o  oil-shell/water-tube. The modification w a s  necessary when it w a s  dis-  

covered i n  the  f i r s t  t e s t  t ha t  the  cooler,as i t  w a s  plumbed,was not capable of 

keeping the L/C temperature below 230 F fo r  steady-state operation of the TAA 

a t  15 kw output, 

0 

The normal procedure w a s  followed fo r  the t e s t ing ,  The L/C i n l e t  tempera- 
0 

ture w a s  var ied i n  s t eps  i n  the range of temperatures between 220 F and the  lowest 
0 

temperature achievable with the  o i l  cooler, (187 F), 
at 204 F, 193 F, 187 F, 220 F and the design temperature of 210 F. 

Steady-state da ta  were taken 

There were no 
0 0 0 0 0 

unusual occurrences during tes t ing .  The tes t  w a s  continued fo r  1 hour 25 minutes 

(from 1815 hours t o  1940 hours) u n t i l  t he  spec i f ic  tes t  object ives  were achieved. 

All the  data  were acceptable except for  t he  flows indicated by the  flow meters 
F9 and F11. These turbine meters were influenced by s t r a y  magnetic f lux  from 

the a l t e rna to r ,  
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111. TEST RESULTS 

A. PRESSURE DROP OF TURBINE SPACE SEAL HEAT EXCHANGER 

The r e s u l t s  of the  flow tes t  on the turbine space s e a l  heat exchanger 

are shown i n  Figure 8. The t e s t  consisted of keeping the  coolant i n l e t  pressure 

constant a t  40 ps ia  while 

covered w a s  from 187 F t o  

1120 l b / h r  t o  1325 lb /hr ,  

the  pressure drop through 

0 
varying the i n l e t  temperature, The temperature range 

220 F; these temperatures resu l ted  i n  flow rates from 
0 

With the  flows scaled t o  a reference value of 1300 lb/hr, 

the  space seal heat  exchanger is 31 p s i  and 24.5 p s i  
0 0 

at respect ive ET-378 i n l e t  temperatures of 187 F and 220 F, 

B. BEARING-LUBRICANT FLOW 

Data fo r  the flow through the  TAA bearing lubricant  i n j ec to r s  were 

a l so  taken at varying i n l e t  temperatures and constant i n l e t  pressure. 

(see Figure 91, show t h a t  the flow increased with the  increase i n  i n l e t  tempera- 

t u re  of the  lubricant.  

t o t a l  lubricant  flow varied from 750 l b / h r  t o  820 l b / h r ,  

i n l e t  temperature of 210 F is 800 l b /h r .  

The r e s u l t s ,  

0 0 

For the  range of t e s t  temperatures, (187 F t o  220 F),  the  

The design flow at an 
0 

The lubricant  through-flow fo r  the TA bearings w a s  about 70%; the  

lubricant  through-flow fo r  the  AA bearings w a s  about 30%. 
t o  the f ac t  t ha t  a l l  of t h e  incomhg lubr icant  was  directed on t h e  TA bearbgs,  

whereas only 55% of the  t o t a l  i n l e t  lubricant  flow w a s  d i rected on the  AA bearings, 

with 4596 of the  t o t a l  flow directed on the  inboard s l inge r s  t o  d iss ipa te  the heat  

generated i n  the  a l t e rna to r  ro tor ,  

The difference is due 

C, ALTERNATOR COOLING AND ALTERNATOR EFFICIENCY 

The TAA t e s t s  were based on a steady-state condition defined on the 

This steady-state def in i t ion  did bas i s  of t he  L/C i n l e t  and e x i t  temperatures, 

not give a good reference fo r  the a l t e rna to r  s t a t o r  temperature a t  varying i n l e t  

coolant temperatures because of the massiveness ( therefore  high heat  capacity) of 

the  a l te rna tor .  

the a l t e rna to r  w a s  about 350 F at the test  conditions, which w a s  at an a l t e rna to r  

output of about 15 kw (uni ty  p.f , and a t  coolant temperatures of 187 F t o  220 F. 
The hot  spot temperature a l a r m  f o r  normal t e s t ing  is s e t  fo r  500 F. 

However, the data  shows tha t  the  s t a t o r  hot spot temperature i n  
0 

0 0 

0 

-2- 
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The predicted a l te rna tor  e l e c t r i c a l  efficiency based on the a l te rna tor  

acceptance tests i n  the range of 11 kw t o  15 kw output is 88-91%o 
calculated on the basis  of the a l te rna tor  coolant temperature r i s e  f o r  t h i s  

same power range is 75-83?6* 

The eff ic iency 

D. BEARING OUTER-RACE TEMPERATURE 

The outer-race temperatures of the TAA bearings a r e  shown i n  Figure 10, 

For the range of lubricant  i n l e t  temperatures tes ted,  the range of resu l t ing  

bearing outer-race temperatures i s  shown t o  be between 235 F and 275 F, with the 

bearing temperature increasing as the lubricant  temperature is increased, The 

turbine bearings a r e  shown t o  run 10-15 F cooler than the a l te rna tor  bearings, 

The reason f o r  the cooler TA bearings may have been due t o  more lubricant  flow; 

o r  i t  may have been due t o  the f a c t  t ha t  the AA bearing temperature was taken by 

a thermocouple separated from the bearing outer ' race by D070 i n .  of housing 

material ,  0,030 i n .  e l e c t r i c a l  insulat ion,  and 0-0,010 in ,  air gap; o r  it may 

have been due t o  both f ac to r s ,  The preferred operating temperature for  these 

bearings is 250 F; the a l a r m  f o r  normal t e s t ing  is s e t  at 300 F. 

0 0 

0 

0 0 

Figure 11 shows two data points indicat ing the change i n  bearing 

temperature as the bearing through-flow is  changed, No firm conclusions can be 

drawn from these two t e s t  points,  but the indicat ions a r e  tha t  the bearing 

temperature w i l l  vary inversely as the bearing through-flow i n  the range nears 

design (150 lb/hr) conditions, It should be noted t h a t  the two data points a r e  

not a r e s u l t  of a t e s t  spec i f ica l ly  aimed at finding the bearing temperature as 

a function of lubricant flow, but t h a t  they are t h e  na tura l  consequence of any given 

L/C test .  

E. BEARING AND SLINGER SEAL LOSSES 

The bearing and slinger-seal losses  may be calculated from the lubricant  

flows and t h e  lubricant i n l e t  and ou t l e t  temperatures, 

i n  Figure 12 fo r  a l l  the bearings and 

ings and s l inge r s  and the a l te rna tor  drive bearing and s l ingers ,  

available f o r  the a l te rna tor  anti-drive bearing because the turbine meters used 

fo r  lubricant  flow measurements of t h i s  bearing were influenced by s t r a y  magnetic 

f lux  from the  a l t e rna to r ,  

These losses  a r e  shown 

slingers,and f o r  each of t he  turbine bear- 

No loss data a r e  
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The r e s u l t s  show tha t  there  is about 1 kw l o s s  per bearing 

t o t a l  of aboutkkw), with the  s l inger  discharge pressure at about 6.1 p s i a ,  

The t o t a l  bearing and s l inge r  losses  decreased from 4.2 t o  3*7 kw as the lubricant  

temperature w a s  increased from 187 t o  220 F, 
design operating conditions is 0,86 kw, or  3.54 kw fo r  a l l  four,  at a s l inger  dis-  

charge pressure of 4.75 psia ,  

of 2.54 kw at a s l inger  discharge pressure of 3@1 ps ia  and a lubricant  i n l e t  

temperature of 230 F. 

0 

The predicted lo s s  per bearing at 

Test D-5-R-3 had a t o t a l  bearing and s l inger  l o s s  

0 

F. TURBINE POWER 

The turbine eff ic iency may be calculated two ways, One is the  com- 

parison of the  ac tua l  and isentropic  temperature drop across the turbine; the 

other is based on the  a l t e rna to r  output, 

drops, the turbine eff ic iency is about 52%. 
the turbine eff ic iency is about 51%q 

On the bas i s  of nitrogen temperature 

On the  bas i s  of a l t e rna to r  output, 

I V  . DISCUSSION 

The second TAA test  (Test D-5-R-5) was performed without an incident ,  and 

the test  r e s u l t s  ind ica te  t h a t  it w a s  successful,  

t o  the theore t ica l  predictions and the  r e s u l t s  of the  f i r s t  t e s t  (Test D-5-R-3). 

The t e s t  data  generally conform 

A. TURBINE SPACE SEAL HEAT EXCHANGER PRESSURE LOSS 

I n  Figure 8, t he  pressure drop across the  turbine space s e a l  heat  

exchanger is seen t o  decrease as the  coolant temperature is decreased. 

of the pressure drop change can be d i r ec t ly  t raceable  t o  the v iscos i ty  of the  

coolant. 

t h a t  t he  pressure drop is approximately proportional t o  the heat  exchanger passage 

Reynolds Number t o  the  0,53 power, Since hP is proportional t o  the  first power 

of the  Reynolds Number i n  laminar flow and proportional t o  the  0.2 power of the  

Reynolds Number for  well-developed turbulent flow, it can be concluded t h a t  the 

flow i n  the turbine space s e a l  heat  exchanger is pa r t ly  laminar and pa r t ly  turbulent.  

However, the  theore t ica l  calculat ions showed t h a t  the  m a x i m u m  Reynolds Number f o r  

Test D-5-R-8 w a s  l e s s  than 700, indicat ing a probable laminar flow, 

laminar flow can occur only i f  t he  space seal heat  exchanger passages a re  not 

according t o  p r in t  and/or the coolant v i scos i ty  i s  much l e s s  than i t  is assumed. 

Most probably, both of these were contributing factors .  

The cause 

Using the Reynolds Number as a dimensionless parameter, it can be shown 

Deviation from 
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The t e s t  data ind ica te  tha t  the  pressure drop across the  turbine 
0 

space s e a l  heat  exchanger is 26.3 p s i  at a coolant i n l e t  temperature of 210 F and 

a flow of 1300 lb/hr. Extrapolating t h i s  on the  bas i s  t ha t  the  flow f r i c t i o n  

fac tor  is proportional t o  the  Reynolds Number t o  the 0,53 power, the  pressure 

drop of the turbine s e a l  heat  exchanger at design operating conditions (1600 lb /hr .  

at 210 F) would be about 33 psi .  

D-5-R-3 r e s u l t s  showed a pressure drop of 43 p s i  at an ET-378 flow of 1825 lb /h r .  

and at a temperature of 230 F, or  34 p s i  at design conditions. 

0 

The theo re t i ca l  design value is 20 ps i ;  T e s t  

0 

Considering the  magnitude of the  difference between the theore t ica l  

pressure drop and the  ac tua l  pressure drop, and the  re la t ionship  between the  

f r i c t i o n  fac tor  and the  Reynolds Number; it may be de f in i t e ly  s t a t e d  tha t  the  

heat exchanger passage dimensions are not according t o  design. The deviation can 

be i n  the  heat  exchanger passage dimension as it w a s  fabr icated,  or  i t  can be t h e  

plugging of t he  passage by foreign matter during tes t ing .  

probable 

The former is most 

I n  terms of heat  t ransfer ,  the  higher ET-378 coolant pressure l o s s  w i l l  

Th i s  be t t e r  heat t ransfer  coef f ic ien t  y ie ld  a b e t t e r  heat t ransfer  coef f ic ien t ,  

w i l l  mean t h a t  the Hg liquid-vapor in te r face  i n  the seal w i l l  be cooler. However, 

the posi t ion of the in te r face  w i l l  not be changed; its posi t ion is determined only 

by the  s l inger  discharge pressure. 

B. BEARING LUBRICANT FLOW 

The lubricant  flow through the  bearing lubricant  i n j ec to r s  under the 

A t  these low Reynolds t e s t  conditions w a s  at a Reynolds Number of less than 10. 

Numbersp flow through an o r i f i c e  i s  d i r ec t ly  proportional t o  the  Reynolds Number. 

The t e s t  r e s u l t s  (Figure 9 )  show tha t  t h i s  is the  case with the  lubricant  i n j ec to r s .  

The flow coef f ic ien ts  fo r  t he  in j ec to r s  were about 0.65,which is 

consistent with theo re t i ca l  values, No t rue  tes t  coef f ic ien ts  can be obtained 

because the  pressure drop across the bearing lubr ica t ion  in j ec to r s  w a s  not 

d i r ec t ly  measured. 
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C , ALTERNATOR COOLING AND ALTERNATOR EFFICIEI'SCY 

The alternator had a hot spot temperature of about 350°F during the tests. 

This is consistent with the design values as well as the alternator acceptance- 

test results. 
The alternator efficiency obtained in Test D-5-R-5 is low. Through 

the range of variation of coolant temperatures, the D-5-R-5 test results are con- 

sistently 1% below the alternator acceptance-test results However , considering 
that the D-5-R-5 test results are based on a coolant temperature difference, and 

a 1% error in the temperature readings can affect the test results up to 40%; the 
test results are acceptable. 

D. OTHER RESULTS 

The bearing outer-race temperatures and the bearing and slinger losses 

are consistent with the theoretical values as well as the results in Test D-5-R-3. 

The results showed that increasing the lubricant temperature increased the bearing 
outer-race temperature and decreased the bearing and slinger losses. 

desirable to have the bearings cool, but it is equally desirable to minimize the 

bearing and slinger losses. The two factors must be weighed against each other 

to optimize the lubricant inlet temperature. The 210°F chosen for design seems 

to be a good compromise. 

It is 

The trend indicated in the changing of the bearing and slinger losses 

with the changing of controlled variables showed the slinger discharge pressure 

and the lubricant viscosity to be the most important functions. In changing the 

slinger discharge pressure from 3 to 6 psia, the increase in bearing and slinger 
losses is estimated to be 0.8 kw. 
187 to 225"F, the ET-378 viscosity changes from 31.5 lb/ft-hr. to 13.5 lb/ft.-hr; 
this viscosity change is estimated to decrease the bearing and slinger losses by 0.9 

kw. 

In changing the lubricant temperature from 

The turbine aerodynamic efficiency for Test D-5-R-5 is between 51-52'$. 

This is considerably higher than the 44% obtained from Test D-5-R-3, and is higher 
even than the estimated 47.5% theoretical value. 
tests is the reduction of the mechanical face seal rubbing friction. Considering 

this and the effect of the probable instrumentation accuracy cI\+ 3$), the results 

of the tests and the theory are compatible. 

A possible change between the two 
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v. CONCLUSIONS 

A. 

B. 

C. 

D. 

E. 

The pressure drop and flow i n  t he  turbine space s e a l  heat exchanger 

indicated t h a t  the coolant passages a r e  not t o  p r i n t ,  and t h a t  t he re  is 

turbulence i n  the passages for the  Test D-5-R-3 and -5 conditions. 

"he bearing lubricant  i n j e c t o r s  flow i n  a low Reynolds Number regime; 

the t e s t  r e s u l t s  are consistent with predicted values. 

The bearing outer race temperature w i l l  increase with the increasing 

lubricant temperature and/or decreasing lubricant  flow through the 

bearing. 

The bearing and s l inger  losses  decreased with increasing lubricant  

temperature and increased with increasing sl inger discharge pressure. 

The turbine eff ic iency is Tt = 51-5s ( a t  U/C 
f o r  approximately 15 kw a l te rna tor  output, 

= .14 fo r  N2) 
0 
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